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Preface

The symposium Laser- and Particle-Beam Chemical Processes
on Surfaces, presented at the Fall 1988 Meeting in Boston, MA,
was devoted to a discussion of recent advances in the use of
photon, electron, and ion beams to induce or enhance chemical
reactions on surfaces. These reactions are the basis for fabri-
cation techniques that have particularly important applications
to microelectronic and optoelectronic technologies. It was
shown that thin films can be formed, modified, or removed in
highly localized regions with submicrometer dimensions as well
as over broad areas. The symposium served as a forum on the
science of beam-induced materials processing and the implica-
tions of this science to practical implementation.

The symposium was the seventh in a series of MRS Fall
symposia dealing with beam-induced chemical processes on
surfaces. Work was described in a variety of areas, including
{(a) the deposition or etching of metal, semiconductor, and
dielectric films by photon-, ion-, electron-, or plasma-enhanced
chemical processes; (b) the laser-or-ion-induced ablation or
sputtering of metal, semiconductor, dielectric, superconductor,
and polymer films; (c) the laser-induced physical or chemical
modification of surfaces, such as the planarization of metal
films, the doping or crystallization of semiconductors, and the
formation of dielectrics on semiconductors; and (d) the use of
ion or electron beams to affect material properties, for
example, by modifying interfacial bonding, inducing surface
desorption, or writing conducting or superconducting lines in
precursor films.

Research in beam-induced chemical processes on surfaces has
matured rapidly in the last few years. An increased emphasis on
obtaining an understanding of the fundamental mechanisms of
beam-induced surface processes was a major trend observed at
this year's symposium. This has resulted in the increased use
of advanced diagnostic techniques and modeling studies to deter-
mine the rate-controlling steps in these processes. A better
understanding of the chemical and physical phenomena that
control these processes will allow further improvements in beam-
induced processing techniques that will have many technological
applications. The combination of a wide variety of techno-
logical applications and scientific approaches made this year's
meeting especially interesting. This symposium once again
demonstrated the ability of scientific and application research
efforts to stimulate each other. The MRS is to be thanked for
its role in enabling this symposium to flourish. We hope that
the MRS Fall Meeting will continue to serve as the major inter-
national conference for this topic.

Symposium Cochairmen
A. Wayne Johnson
Gary L. Loper

T.W. Sigmon

October 1989
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SOME RECENT RESULTS OF FUNDAMENTAL STUDIES ON BEAM-INDUCED
SURFACE PROCESSES

JAN DIELEMAN
Philips Research Laboratories
5600 JA Eindhoven, The Netherlands

Recent results of studies on the mechanism of processes induced by
the interaction of beams of (reactive) particies with surfaces in UHV,
often combined with concurrent bombardment of the surface with low-energy
ion or excimer laser beams, are reviewed. Angular-resolved mass spectro-
metry combined with time-of-flight studies on the desorbing products is
used as a key diagnostic. A more complete picture is obtained using
several other diagnostic tools to characterize the surface before, during
or after the interaction. Interactions at Si and Cu surfaces will be
emphasized. The review will deal successively with data for interaction
with a single beam of C1;, Tow-energy noble gas ions or excimer laser
pulses, followed by data on the concurrent interaction of crossed beams
of Cl2 and low-energy noble gas jons or excimer laser pulses with these
surfaces. Some conclusions will be drawn.

1. INTRODUCTION

Growth and etching of thin films, usually via the gas phase, plays a
dominating role in the technology of present-day integrated circuits.
The ever increasing complexity of these devices has necessitated the
development of techniques providing improved quality at reduced substrate
temperatures. The reduced substrate temperatures are a necessity because
the delicate structures already present in the substrate should not be
damaged and the improved quality is essential to get a high yield of
well-performing devices. Typically these techniques use dissociation and
excitation of gas molecules by plasmas or by photons to enhance surface
adsorption and reaction and/or apply surface-localized energy deposition
by bombardment of the adsorbate layer and nearby surface region by low-
energy electrons, jons, excited neutrals or photons to stimulate surface
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reactions and desorption of products. A qualitative and certainly a
quantitative understanding of the crucial steps in these important
reaction chains is largely lacking. This hampers assessment of basic
possibilities and limitations of most of these techniques.

It is the object of this paper to review some recent results of
studies on the mechanisms of surface reactions stimulated by low-energy
noble gas ion bombardment or by nanosecond excimer laser pulses. These
studies have been performed in UHV chambers in which surfaces can be
exposed to one beam of particles like chemically active molecules, low-
energy noble gas ions or excimer laser photons or concurrently to two
beams, one consisting of chemically active molecules and the other of
low-energy noble gas jons or excimer laser photons. The discussion will
be restricted to the comprehensive studies on the interaction of low-
energy noble gas ion beams or excimer laser beams with Si or Cu surfaces
in most cases in the presence of chlorine adsorbed on the surfaces from a
beam of Clz molecules. For studies on other systems the reader is
referred to several recent review papers [1-6]. The main features of the
most important diagnostic tool used, viz. mass spectrometry combined with
time-of-flight measurements on the neutral "desorption™ products, can be
found in another recent veview [7}.

This review paper will deal successively with some data on the
interaction of separate C1; beams, low-energy noble gas ion-, or excimer
laser-beams with Si and Cu surfaces, the concurrent action of crossed Cl1j
and Tow-energy noble gas ion beams on Si surfaces, the simultaneous
exposure of Si or Cu surfaces to crossed beams of Cl; and nanosecond
excimer laser pulses and will end with some conclusions. The data on the
interaction of only one of these beams with Si or Cu surfaces will be
reviewed only for ranges of parameter values also used in the experiments
with crossed beams.

2. C1, BEAMS

In the temperature range of 300 to 850 K Cl, sticks to Si(l11)
surfaces with an initial sticking coefficient of about 0.1 until a
coverage of about one monolayer is reached. At this saturation coverage
the sticking coefficient drops rapidly. Both the initial sticking
coefficient and the saturation coverage decrease only slightly with
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increasing temperature [8]. At 300 K Si does not react measurably with
Clp. At somewhat higher temperatures the main etch product is SiCly,
while at temperatures above about 800 K up to 1500 K the main etch
product observed is SiClp [9,10]. A comparison of an estimate of the
relative contribution of the etch products SiCly and SiClg as a function
of temperature from mass spectra alone [10], with an estimate using a
combination of mass spectroscopy and time-of-flight [7] clearly shows the
very qualitative character of the former estimate. Time-of-flight
distributions, using modulation of the product beam, have the form of
Maxwell-Boltzmann (MB) distributions at target temperature, suggesting
thermal desorption [7]. The desorption of SiCl, has been reported to show
an activation energy of about 1.75 eV at 1400 K decreasing to about 0.8
eV below 1000 K, with a surface residence time of about 10-2 s at 1400 K
and accompanied by "unusually" low preexponential (frequency) factors of
3x108 s-1 at 1400 K to 8x106 s-1 below 1000 K. (which is about 105 to 106
times lower than "usual®). Calculations have confirmed that chlorine has
a high activation energy barrier for diffusion from the surface into the
Si [11]. It is difficult to derive from recent literature [12-14] a
unified, quantitative picture of the reaction of Cl; with Cu surfaces. In
the pressure and temperature ranges of interest in the crossed beams
experiments to be described later on, i.e. for effective Clp pressures up
to about 10-% Torr and temperatures up to about 1000 K, the situation
seems to be as follows. At very low pressures (about 10-8 Torr) and room
temperature the surface coverage increases linearly with dose up to about
2 Langmuir (L) where it saturates at about half of a monolayer. The
initial sticking probability is about 0.5 and drops drastically at
saturation coverage. The Cly seems to be dissociatively chemisorbed
without forming a halide-like overlayer. The overlayer has been reported
to contain "free" halogen. This holds even for exposures up to 20 kL in
the temperature range 300 to 700 K. However, when the effective pressures
are chosen much higher or when C1; at Tow pressures is condensed on a Cu
surface at temperatures of 200 K, thicker Cu halide films are formed. The
reaction probability of Cl» first decreases with increasing temperature
ti1) about 500 K and then increases. This has been explained by a rapidly
decreasing sticking probability of C1; on the CuCl surface film and rapid
evaporation of Cu-halide, thus exposing "fresh" Cu surface with a high
sticking probability, at temperatures above about 500 K. At 300 K thermal
etching is immeasurably slow. At temperatures up to about 850 K the
dominant etch product s CujCl3, while above 925 K the main desorbing
molecule is CuCl.
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3. LOW-ENERGY NOBLE GAS ION OR EXCIMER LASER BEAMS

Only a few data are available on physical sputtering of Cu and Si
with Ar* ion beams of a few keV in UHV [15,16]. At these projectile
energies the energy distributions of the main products, sputtered atoms,
are described well with a collision cascade (CC) distribution, i.e. the
flux of sputtered atoms ¢ (E) is proportional te E / (E+U°)3 where U, is
the binding energy of the atom. Uo (Cu) = 3.5 eV and Uo (Si) = 7.8 eV.
For quite a number of elements U, is equivalent to the value of the
sublimation energy [5), only Uy, of Si is somewhat higher. Sputtering
yields at 6 keV are 3.7 atoms/Ar* for Cu and 1.3 atoms /Ar* for Si. The
values of these yields are consistent with yield formulas (see eq. 6 of
ref. 5). Sputtering yields decrease with decreasing projectile energy to
values of a few 0.1 atoms/Art at 100 eV. With decreasing projectile
energy the energy distribution of the sputtered atoms deviates at the
high energy end progressively to lower values. This is especially
significant for oblique incidence and ejection anglies [17,18].

Low-energy noble gas ion bombardment of solids also leads to
implantation. The resputtering of these noble gases has been studied for
bombardment of Si with Art [19]. The time-of-flight (TOF) distributions
consisted of two contributions, an MB distribution at target temperature
which is ascribed to ion bombardment-enhanced diffusion to the surface
followed by evaporation (or, below the solidification temperature,
sputtering) and a contribution which may be reasonably well simulated
with an MB distribution but at a much higher temperature. The latter
contribution has tentatively been interpreted as opening of noble gas
“bubbTes” by fon impact. Recent studies [20], for more noble gases and
more solid targets, have shown that the TOF distributions always have a
high kinetic energy component and often an MB contribution at target
temperature. It also appeared that steady state resputtering is reached
already with a fluence of no more than about 10!5 ijons per cm?. The
latter observation is not easily understood by assuming sputter opening
of noble gas bubbles. Hopefully, incidence- and exit angle-dependent
studies will shed more light on the mechanism responsible.

The interaction of 308 and 248 nm nanosec Vaser pulses at laser
pulse fluences up to 0.82 and 1.0 Jem-2 respectively with pure Si and Cu
surfaces in UHV did not lead to significant etching.
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4. CROSSED BEAMS OF LOW-ENERGY NOBLE GAS IONS AND OF C1,

By using a combination of TOF studies and mass spectroscopy the
composition of the various neutral products desorbing from e.g. a Si
surface exposed to crossed beams of low-energy noble gas ions and Cl, can
be determined [7]. If care is taken to prevent the desorbing products
from colliding with each other above the surface [21] also information
about the desorption mechanism(s) is obtained. It is much more difficult
to make a more quantitative estimate of the relative proportions of the
various products. for this quantification one needs to know what the TOF
distributions of the various products are to be able to make a 1/v
correction for the ionization probability in the ionization chamber of
the mass spectrometer. Since we have measured these TOF distributions for
the products, this correction can be applied. Of course one must take
care of collecting the ions produced properly. The important problem
remaining is that for most of the molecules encountered in our studies no
jonization cross sections are known and it takes a lot of effort to
measure them ([22]. To get a qualitative impression of the neutral
products leaving a Si surface along the surface normal, when exposed to
crossed beams of 1 keV Ar* ions incident at 60° to the surface normal and
of 300 K Clp, the series of experiments illustrated in Fig. 1 have been
performed [23].

Fig. 1. (a) Mass spectrum of
species emitted from silicon under
simultaneous exposure to a

chlorine-gas beam (@cj2-3x1016 mol

cm'zs‘l) and an argon-ion beam (Ep,

®

{=%00)

= 1 keV, ¢pr_2x1014 jons cm-2s-1),

N |. . Mo} The signals for SiCl3* and SiClgt
have been multiplied by a factor of

J 100. (b) Mass spectrum of room-
N i

- ~
o o
—2—F

L

temperature SiClq gas. (c) Mass

~

normalized count rate ——-=
- ~
—— PP
(]
-—

[

spectrum of species sputtered by an
argon-ion beam (Eq, = 1 keV) from

0 %0 0 ™ ss—. solid SiCly, condensed at liquid
air temperature. The mass spectra
have been obtained with 10 mA of 70
eV ionizing electrons and are
normalized to the SiC1* signals.
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Using the same settings of the mass spectrometer and a modulation
frequency of 10 Hz, the mass spectrum of SiCly gas was measured (b)
followed by the mass spectrum of the products sputtered from solid SiClg
(c) and then by the crossed beams experiment for a relatively high flux
ratio R of Clp to Ar* of 150 (a) (Note that in Fig. la the SiCl3* and
SiCl4* peaks have been multiplied by a factor of 100.) A comparison
between the mass spectrum of the gas and the bombarded solid SiClg
indicates that part of the SiCl4y molecules in the solid have been
fragmented by the Art ion impact. TOF measurements on the neutral
sputtering products from solid SiCl4 showed that indeed neutral SiCl
molecules are sputtered as such with a CC distribution and a binding
energy of only 0.08 eV. A comparison of the results of the crossed beams
experiment shown in Fig. la with those presented in 1b and lc proves that
SiC1 and S$iCly are major etch products. A recent repetition of these
experiments [24] reproduces these early results very well. This work also
shows that the TOF distributions of the more chlorinated products SiCl3
and SiCl4 lie at about the same position as those of e.g. SiCly. Even a
relatively large difference in ionization cross section of the various
neutral products, like for SiFy neutrals [22], does not change this
conclusion. The above conclusion remains valid when R is enhanced to
about 500 and when the Art* ion energy is reduced to 250 eV, both measures
which cause a relative increase in more halogenated products.
More extensive studies on this system [25,26] have shown that

a. The main species ejected are Si, L1, SiC} and SiC)p and resputtered
Ar
b. The kinetic energy distributions of these products are composed of

two contributions: first a CC distribution comprising more than 80%
of the total emission and second an MB distribution at target
temperature. The latter contribution is ascribed to ion-bombardment
enhanced outdiffusion, followed by evaporation at target tempera-
ture. The CC distribution shows that the main removal process is
physical sputtering of these molecules. An example of a TOF
distribution showing both contributions is given in Fig. 2.

Recently [7] TOF distributions can be measured either by modulation of
the ion beam or by chopping the product beam: no significant differences
have been found for SiC1*. This means that the above-mentioned two con-
tributions are far the most important ones and contributions from higher
chlorinated SiCly are insignificant. Also long residence times do not
seem to play an important role, which is, of course, to be expected for
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100 1 Fig. 2 Time-of-flight distribution of
‘ the product SiC1 for dcy/dart = 40.
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© collision cascade distribution and of
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G4 L
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physical sputtering processes.

In other recent work [27) a systematic study of the effect of R and
of the angle-of-incidence of Art has confirmed earlier indications [26]
that the binding energy of the product SiCl increases from va’: :s below
0.2 eV at high values of R and incidence close to the normal to values
near 0.6 eV for low R values and high incidence angles. These results
have been related to the effective amount of chlorine mixed into the Si
by the ion bombardment as measured by Mayer’s group [28,29]. The value of
Uy decreases with increasing concentration of chlorine mixed into the Si.
As expected the sputtering yield increases in the same way [30].

A most intriguing aspect of this chemically enhanced physical
sputtering is that the values of U, are so low, i.e. only a few tenths of
an eV. As discussed in section 3 there is a one-to-one relation between
Uy and the sublimation energy. If the molecules would have been formed in
one Art impact at the surface and then sputtered from there in a
following impact it is difficult to understand why they did not evaporate
thermally, except when the frequency factor for this thermal process is
exceptionally low. That this could be the case may be derived from the
data mentioned in Section 2. If the frequency factor has a value near
1013 5-1 other explanations have to be found for the high sputtering
yields of SiCl (and SiC1y). Essentially three different explanations have
been put forward (except the one with the low frequency factor for
desorption). A1l of them [2,3,26,27) agree about the importance of bond
breaking and mixing of chlorine into the Si. Mayer’s group 3] assumes
subsequent reformation of small molecules and sputtering of the molecules
by the tai) of the same collision cascade that caused the bond breaking.
However, reformation of bonds takes more time than the collision cascade
takes. Winters [2] assumes direct formation of molecules during the
early bond breaking stage of the collision cascade and sputtering of the
molecules thus formed by the tail of the same collision cascade. However,
it is difficult to understand why, except for a dissociation correction
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{32], a complete collision cascade distribution develops, i.e. with also
high-velocity molecules, when only the tail of the collision cascade is
used. Finally, Dieleman et al. [26,27] have proposed formation of these
molecules in the top film during and after one impact and sputtering of
these molecules in a subsequent impact. More research into this interest-
ing and technologically important phenomenon will hopefully lead to a
more definitive answer.

Very recently measurements have been extended to Ar' ion energies
down to 75 eV and to bombardment with Xet jons at higher energies [24].
At the lower energies or for the heavier projectile masses the TOF
distribution 1o0se their high velocity part or, differently stated,
"shift® to longer flight times. For bombardment with very low ion
energies the TOF distributions could be fitted reasonably well with MB
distributions at about the same high temperature and an MB distribution
at target temperature. These results have been interpreted by assuming
evaporation from an ion-induced hot spot. More research will have to be
done to decide whether this picture (which holds perhaps also for noble
gas resputtering) holds or whether this is simply due to insufficiently
developed collision cascades or whether this is equivalent.

For Cu exposed to crossed beams of Cl and low-energy Ar* jons the
sputtering yield dereases slightly as compared to sputtering with Art
ions alone [13]. Further studies, as described above for Si, will have
to be performed to understand this behaviour.

5. CROSSED BEAMS OF EXCIMER LASERS AND C1y

The results to be reviewed in this section pertain to the etching of
Si and Cu surfaces when exposed to crossed beams of nanosecond excimer
laser pulses of mostly 308 nm and a continuous Clp beam (or background
pressure) corresponding to an effective pressure at the Si or Cu surface
of at most about 10-4 Torr. This means that experiments performed at much
higher C1, background pressures [32-34] will not be reviewed here.

Recently, some studies on the mechanism of nanosecond excimer laser
etching of Si concurrently exposed to Cl, at an effective pressure up to
about 10-4 Torr have been performed [35-38]. At laser pulse fluences up
to 0.4 Jecm 2 for 308 nm and 1.0 Jem™2 for 248 nm and in the C1p pressure
range indicated above Si is easily etched with a maximum etch rate of 30
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A per laser pulse. The main products observed are C1, SiCl and S1C13. The
TOF distributions can be fitted quite well with MB distributions at
temperatures in the range 1400 to 4000 K. The temperature increases with
laser pulse fluence and with chlorine pressure up to a pressure of about
10-% Torr (at least for a repetition rate of 4 Hz). Each pulse removes
all of the chlorine absorbed in the time between two pulses. The most
intriguing observation is the increase of the particle temperature with
C1; pressure (which is equivalent to surface coverage) until a surface
coverage of one monolayer between two laser pulses is reached. Studies on
the rovibrational excitation of the product SiCl have shown that these
molecules are also internally very hot. This {is at least partially
consistent with time-resolved reflectivity studies, which indicate that
for the higher Cly pressures and laser pulse fluences the laser pulse
melts the Si surface. No definitive conclusion has been reached as yet
about the desorption mechanism. The most recent studies ([38] indicate
that, except at the lowest pressures, the desorbing particles interact
above the surface. Of course this effect has to be separated from the
desorption-induced external and internal energy distributions.

Also for Cu exposed to crossed beams of nanosecond excimer laser
pulses at various wavelengths and Cly at effective pressures below 104
Torr relatively little studies have been published [39-42]. In none of
these publications attention has been paid to effects of interaction of
desorbed particles above the substrate, l1ike described in Ref. 21. This
holds almost completely for the work of Osgood et al. [40] and completely
for that of Chuang et al. [39. So it is not possible to draw more
definitive conclusions about the mechanisms responsible for the observed
high velocities of the desorbed species. In our own work some experimen-
tal conditions occurred where this interaction was absent. In addition
some data have been collected about the laser-induced modification of Cu
surfaces in the presence of a Cl, beam. For these reasons the discussion
here will be restricted to some of our data.

When Cu containing minute amounts of chlorine is exposed to
nanosecond excimer laser pulses at 308 nm in UHV, some Cu3Cly is
desorbed. The kinetic energy distribution of these molecules can be
fitted by a Maxwell-BoYtzmann distribution at temperatures corresponding
very well to those calculated on the basis of the temperature induced in
the Cu surface by absorption form the laser pulse, This temperature rises
linearly with laser pulse fluence. Of course, this indicates a thermal
desorption mechanism. When a clean Cu sample is exposed to crossed beams
of nanosecond excimer laser pulses and low pressure Clp beams, the etch
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rate at the start of the experiment is no more than about 1% of a
monolayer. The TOF distributions of the main products Cu3Cly and CuCl are
fitted quite well with Maxwell-Boltzmann distributions at temperature not
very different from those mentioned above. However, the etch rate
increases with exposure till a steady state etch rate level is obtained.
The TOF distributions of the products remain Maxwell-Boltzmann, but the
corresponding temperature rises with exposure till the steady state is

reached.

- Fig. 3. Evolution of the flux of
. (P(Cig )= (1,:510"11&" Cu3zCl3 leaving the target as a
" " T5=5000K 023 function of the number of laser
shots after the beginning of
exposure of a clean Cu surface to
€1, for the four values of pcyz

p+Ox

0 500 Ta=4300K

6 ® : + + Tg=3700K
+ +

-
(=]
T
x
+

{¢1] in Cu {at.cm™3)

+ s & 8 indicated in the figure. The laser
s s Tg =2800 K
-o: - s=280 pulse fluence is fixed at 0.45
Al L4 i Y A i L

0 5000 10000 Jem-2. The steady-state temperature
Number of shots —— of the ejected Cu3Cly is also
indicated. 1 mbar = 102 Pa.

As illustrated in Fig. 3 the steady state level is reached faster the
higher the C1; pressure and the steady state "temperature® increases.

Fig. 4 shows that the build-up to the steady state (S) etch rate level is
accompanied by a build-up of a rather thick chlorinated Cu surface film.
The explanation of these observations is rather straightforward. At the
start of the exposure the chlorine adsorbed is only for a small part
desorbed from the surface. Because the Cu surface is heated by the laser
pulse part of the chlorine remaining will diffuse into the Cu. This
process will go on till the chlorinated surface film is so thick that all
chlorine sticking to the surface in between laser pulses is removed.
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e 2010 Fig. 4. C1 profiles in etched-
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, =30 Pa stages of the buildup to S for F =
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Because the heat conductivity of the CuCl is lower than that of Cu metal
also higher temperatures may occur, as observed. But because the TOF
distributions will be obscured by interaction between the desorbing
species, the temperature corresponding to the MB distribution measured
will not be a true measure of the surface temperature.

6. CONCLUSION

The review clearly demonstrates the fascinating and important role
chemically active adsorbates play in low-energy ion- and laser-assisted
etching. It also shows that much remains to be done to get a better
qualitative understanding of the underlying mechanisms.
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ABSTRACT

We have deposited thin films of optical materials using ion beam sputtering and
jon assisted deposition techniques. It is possible to obtain good quality film material
deposited on substrates at temperatures lower than normally required. lon assisted
deposition influences film stoichiometry and packing density, which in turn determine
optical and mechanical properties of the film material. We discuss two general indicators

which appear helgful in predicting the degree to which these occur.

1.0 Introduction

The technique of processing optical and electronic materials using low energy ion
beams (Ei<1500eV) has been a subject of research for many years. Two techniques that
are used in producing high-quality thin films are ion assisted deposition (IAD)"S and ion
beam sputtering (1BS).%7 The former technique involves bombarding a substrate with
ions during deposition of thin film material generated from evaporation or sputtering, and
the latter method entails the use of ion beams to produce thin films by sputtering. In the
case of IAD, additional surface energy is imparted to the adatoms via ion bombardment
during deposition.  One distinct advantage of IAD over conventional deposition
techniques is that it allows the production of coatings at moderate deposition rates (lAs'l

< < lOAs'l) that have improved properties. Both IBS and IAD allow the

= Rdepo
production of improved coatings at low substrate temperature (Tsub ~ 100°C). Standard
deposition techniques typically require heating substrates to high temperatures (T¢ . ~

300°C) in order to achieve thin films of acceptable optical performance.®

rresem Address:
Department of Physics
USAFA/DFP
United States Air Force Academy, CO 80840
Barr Associates
Westford, MA 01886

‘This work supported in part by the Air Force Weapons Laboratory and Los Alamos National Laboratory.

Mat. Res. Soc. Symp. Proc. Vol. 129. ' 1989 Materiats Research Society

T R T B TS e

17

Bt A T -



18

We have investigated the use of both IAD and IBS to produce metal oxide thin
films. The first section of this paper will summarize results of IAD applied to thin films
of materials typically used in optical coatings, while the second section of this paper
describes results of using IBS to deposit an optical nonlinear material, PLZT.

2.0 lon Assisted Deposition of Optical Coatings at Reduced Substrate Temperature

IAD can increase film packing density and stoichiometry, resulting in
improvements in optical properties, environmental stability, abrasion resistance and
adhesion.}"%? Low temperature deposition processes have become increasingly important
in practical applications involving certain substrate materials (e.g., plastics'® and heavy
metal fluoride glass®!'), and for increasing throughput for coating large, precision
elements.  Results presented here will be restricted to substrate temperatures of
approximately 100°C.

Thin films were deposited in an apparatus that is described in detail in Reference
12,. The thin film starting material was electron beam evaporated at a deposition rate of
~2As’l, and the cham' . v.us backfilled with oxygen during deposition to a pressure of
PO2--IO’4 Torr. Substrates were heated to ~100°C prior to starting the coating process,
with the substrate iemperature rising to ~125°C at the end of the coating due to heat
from the eva,orative sources. A Kaufman ion source!® provided either argon or oxygen
ions for bombarding the substrates. Substrates were jon precleaned with 75 uAcm'2 of
500 eV argon ion bombardment for 4 minutes prior to deposition, and then bombarded
wiih oxygen ions during film deposition. The ion current density was measured with a
probe mounted on a shutter near the substrate surface.

Coatings of $i0y, Aly04, TayOg and TiO, were deposited at different levels of
oxygen ion energy and current density, and were analyzed for refractive index and
extinction coefficient. A homogeneous envelope technique developed by Manafacier et
al. (1976) was used to determine optical constants from the spectral transmittance of
coated samples.’

Results

Figure | illustrates the variation of the index of refraction of Tazos films with
respect to ion energy and current density deposited using IAD. The upper horizontal axis
of the figure represents the arrival ratio «, which is the ratio of the flux of oxygen atoms
from the ion beam to the flux of film atoms arriving at the substrate. It can be seen that
the film refractive index of IAD Tazos initially increases for a corresponding increase in
ion current density, and the rate of increase is greater for greater ion energy. This
increase continues until 7 reaches a so-called "critical value." Note that essentially bulk
values of refractive index (~2.28) are attained for the Ta,04 film material for 300 eV ion
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bombardment. Films deposited at bombardment levels greater than the critical value
exhibit refractive indices that are less than those obtained at current densities below the
critical value. The critical value is never attained for films deposited with 150 eV ion
energy. Similar characteristics have been observed in films of Al203 and TiO, deposited
using IAD.

Thin films of SiO, deposited using IAD do not display any significant increase in
refractive index. Unbombarded films of Si02 have refractive indices (measured at ~
350nm), of ~1.42, while SiO, films deposited using IAD display values of ~1.44.
Transmittance spectra of SiOz films recorded around the 2.8 pym water optical absorption
band, however, show that use of IAD dramatically reduces film water content. Thus, the
lack in variation of IAD Sioz film refractive index is most likely attributable to the small
difference between the index of refraction of water and bulk SiOz, rather than a lack of
film densification.

The extinction coefficient of [AD TayOg aiso depends on bombardment
conditions. Figure 2 illustrates the effect of oxygen IAD on the extinction coefficients of
Ta205 thin films deposited at reduced substrate temperature. Low temperature
deposition of Ta205 by conventional means typicaily results in absorbing films,'® as
illustrated in Figure 2 by appreciable extinction coefficient (~15 x 10'4) for J=0. The
extinction coefficient is reduced to values < 2 x 10'4, however, by low-level oxygen ion
bombardment, presumably due to improvements in film stoichiometry caused by oxygen
ions. Similar in nature to the effect of JAD on refractive index, the rate of decrease is
greater for greater bombardment energy in the region of decreasing extinction coefficient.
For current densities near the critical value, the extinction coefficient begins to increase
for increasing current density.

This result is not obtained for thin films of A|203 and Ti02 deposited using 1AD.
For these materials, the extinction coefficients are typically low (k < 4 x 10'4) for
unbombarded films, and the effect of IAD is to further reduce the extinction coefficients
of these materials to values that are less than the sensitivity of our measurement

technique. No increase in absorption is observed for an increase in current density.

Discussion

For the materials investigated, the presence of suboxide material can dramatically
increase the amount of optical absorption measured in thin films. Because of this, the
optical extinction coefficient is a sensitive indicator of metal oxide film stoichiometry.'®
We have examined samples of tantalum and titanium oxides using Rutherford
backscattering spectrometry (RBS). In the case of large amounts of absorption there is a
correlation between film extinction coefficient and sample substoichiometry. However,




for films of low absorption, RBS techniques are not sufficiently accurate to determine
. film stoichiometry.!”

A qualitative picture of the response of film extinction coefficient to ion
bombardment is provided by the fractional sputtering yield (Y,/Y,,), which gives the
ratio of the oxygen atomic sputtering yield to the metal atomic sputtering yield of a
compound metal oxide target. A value of (Yy/Yy) »1 implies that oxygen atoms are
more readily sputtered from the surface than are metal atoms, so that ion bombardment
results in a reduced metal oxide material. This process is known as preferential
sputtering,’® and is most likely responsible for the increase in extinction coefficients
observed from thin films of Tay0s.

Malherbe et al. (1986) have developed a method for predicting the composition of
metal oxides reduced by ion bombardment.!® Their argument gives the fractional
sputtering yield of a compound target as
Yo (MM s DM

Yy Ao U,

where Ai and Uj are the atomic weight and surface binding energy, respectively, of the
metal (M) and oxygen (0). While the expression for (YO/YM) was derived for bulk target
material, the preferential sputtering for thin films is expected to be approximately the
same. Values of (YO/YM) calculated for the metal oxides investigated in this study are
listed in Table |. The values in Table | show that the theory of Matherbe e al. is
reasonably accurate in predicting the experimental result that use of IAD to deposit
T3205 produces films having significantly greater optical absorption compared to that of
films of Al,0,, Si02 and TiOz.

Table 1 Fractional Sputtering Yields

Target Ay/Ag UM/UO Yo/ Yy
AlLO4 1.69 0.77 1.00
Si0, 1.76 0.81 1.00
Ti02 2.99 1.09 1.50
TaZOS 11.31 1.23 2.50

The model for preferential sputtering does not include the effects of bombarding
with reactive ions. Reactive ions may engage in specific chemical interactions with the
target to synthesize compound thin films.2® Also, oxygen [AD of metal oxides occurs in a
reactive atmosphere, where ion bombardment may induce chemical reactions between
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neutral gas species and the surface. Such chemically reactive mechanisms are probably
responsible for the low values of extinction coefficient observed in TiOz thin films
deposited with oxygen IAD, even though the theory of preferential sputtering predicts
that IAD of TiO, should result in reduced thin film material.

Much work has been done in recent years to model the effects of ion
bombardment during film growth. The most successful model uses binary collisions and
molecular dynamics to explain the densification of ion assisted thin films in terms of
surface atom recoil implantation.21?2 The results of this model indicate that an increase
in sputtering yield increases the probability of a recoil implantation event occurring. For
the same material, the sputtering yield will be greater for greater ion energy.?® Since
film refractive index strongly depends on film density, a change in index of refraction is
assumed to represent a change in density. Therefore, greater bombardment energies
result in greater increases in refractive index for the same increase in ion current density
(i.e. greater dn/3J). Greater sputtering yields are also expected for smaller values of
target mass. This can be characterized by the kinematic factor «, which is a measure of
the fraction of energy imparted to a target by an energetic projectile. For a projectile of

mass Ml and a target of mass Mz, the kinematic¢ factor is given by

aM M,

(M,+M,)?

Table 2 lists values of x for the collisions 0—TiO,, O—oAlz()3 and O—Ta,0s.
From Table 2, it is seen that the kinematic factor is greater for Ti02 than for A1203, and
that the value of « is greater for Al;03 than for TayQOg. Thus, although the kinematic
factors are consistent with the result that IAD of AI203 exhibits greater rates of increase
in refractive index (3n/37) than is observed for Tazos. there is an inconsistency with the
results that (8n/37) for AI203 is also greater than that for Ti02. This may be due to the
fact that oxygen IAD results in generation of crystalline material in thin films of TiO,,
but does not promote the growth of crystallites in thin films of the other materials

investigated.5?*

Table 2 Kinematic factors for O on various metal oxides

Collision K

0-8i0, 0.66
0—-TiO, 0.56
0—Al,0, 0.47
O—‘TaZO5 0.13
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Competing with bombardment-induced fiim densification is the mechanism of ion
incorporation associated with ion bombardment. Three important observations have been
made by researchers investigating the effects of ion bombardment on reactor materials:
(1) the ion incorporation probability n is greater for greater ion energy, (2) it is possible
for the ion incorporation mechanism to become saturated and (3) there is a threshold ion
energy ET below which no ion incorporation occurs (i.e., n = 0 for Ei < ET). For the
)26

low-energy regime, Carter et al. (1980)* have derived an approximate expression for Er

Ep = 100r Na? (2,24 |

where E is in €V, N is the areal atomic density of the target (atoms m'z), Z, and Zy
are the atomic numbers of the ion and target, respectively, and g is the Andersen-
Sigmund range (a = 2.2 x lO'“m.)28 The expression for E- shows that, for the same
ion species and flux, bombardment of a lighter target material will result in greater values
of n compared to values of n for a heavier target material.

The results reported above may be used to develop a picture which is consistent
with material-dependent differences in maximum packing density obtained from IAD of
thin films. There is evidence indicating that ion incorporation causes a reduction in film
density due to the presence of trapped gas in the film Therefore, there will be a
maximum film density obtained using IAD due to the competing mechanisms of recoil
implantation and ion incorporation.

Table 3 lists values of E1 for the collisions 0—-Al,03, 0—TiO, and O—oTaZOS.
Mean atomic numbers were used for Z, and Z5 in the calculation for Ep. For example,
in the case of O—AI)O3, Z) = 8, Zy = 10.5, and N = 2.40 x 10'? atoms m™2, yielding a
value of ET = 101 eV. 1t can be seen that the estimated threshold energies for ion
incorporation to occur in Ta205 is roughly twice that value for A1203 and Ti02. Thus,
for a given ion energy and flux, there is a greater probability of ion incorporation
occurring for both Al203 and Ti02 compared to the ion incorporation probability for
Ta205. This result is consistent with the fact that IAD of T3205 yields a greater value
of maximum film packing density than is achieved using IAD to deposit either AlyO4 or
TiO,. The decrease and saturation in packing density of IAD metal oxide thin films at
high ion flux levels may be explained in terms of saturation of the gas trapping

mechanism.
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Table 3 Ion incorporation threshold energy (ET) for various collisions

Collision E (eV)
0-8i0, 72
0—Al,04 101
0—TiO, 108
0—Tay04 212

3.0 PLZT Film Deposition

Lanthanum-modified lead zirconate-titanate, Pb l_xLax(ZryTiz)l_x /4 O3 or
PLZT, is a very attractive class of ceramic material because of its pronounced electro-
optic characteristics. In addition, the stoichiometry can be varied to produce material
with different characteristics. The material has been investigated in bulk form for a
number of years, and more recently in thin film form.2"?®  Thin film PLZT has
numerous possible applications in electronic and electro-optic devices such as FET
nonvolatile memory, optical switches, optical displays, and image storage. Most recently,
thin film PLZT has been used to frequency double light at 1.06 microns wavelength.?®

PLZT thin films were prepared by IBS. The experimental apparatus iacluded a 5
cm Kaufman ion source directed at a pressed powder target of composition (x/y/z) of
(28/0/100). The substrates were heated to temperatures ranging from 500°C to 650°C
prior to deposition. The ion source was operated with Ar at a pressure of § x 1073 Torr.
The chamber was backfilled during deposition with O, to a pressure of 2 x 1074 Torr.
Substrates used for this investigation include Si <100>, Si <l11>, Si <100> with 2 um of
Si0, as a buffer layer, and fused silica. The thickness of the films were approximately
S000A. Thin film crystallography was determined by x-ray diffraction (Cu K0
radiation). The thin film composition was determined by SEM/EDAX measurements.

Results

Highly oriented PLZT thin films have been obtained with ion beam sputtering.
Figure 3 illustrates the x-ray diffraction characteristics of three samples of PLZT
deposited on Si at substrate temperatures of approximatcty 500, 550, and 650°C. The
sample deposited at a substrate temperatures of 550°C is highly oriented with only the
<100> crystalline orientation of the perovskite form of the material detectable. This is
very desirable for applications of the material. The sample deposited at 650°C is very
polycrystalline, while the sample deposited at S00°C illustrates the x-ray diffraction
characteristics of pyrochlore PLZT. Neither of these other forms of PLZT is desirable
for electro-optic applications. Good quality PLZT was also deposited on Si wafers having

et e o deam
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a buffer layer of Si02 approximately 2 microns thick. This is very encouraging because
the configuration can be used as a waveguide structure, and also because this illustrates
the compatibility of Si and PLZT technologies. Devices of Si (e. g. drivers, etc.) can be
produced with PLZT on the same wafer. Good quality PLZT has also been deposited on
fused silica substrates.

We have observed second harmonic generation in ion beam sputtered PLZT
deposited on the buffer layer of SiO, on a Si substrate. The second harmonic conversion
increases quadratically with applied electric field in the configuration shown in figure 4,
indicating this is a third order effect. The incident wavelength was 1.06 microns, and the
reflected beams were 0.53 and 1.06 microns. We are presently characterizing this effect
more thoroughly, including extending the incident wavelength to 10.6 um.

In addition we have observed a significant difference in the surface morphology
of IBS and magnetron sputtered samples of PLZT. The IBS sample had an rms roughness
approximately 60 percent of that of the magnetron sputtered sample. Excessive surface
roughness can prohibit use of the material in applications requiring low optical scatter
loss, such as waveguiding. A possible explanation for this difference in surface roughness
is the lower pressure at which the ion beam sputtered material was deposited. In
addition, the magnetron deposited sample was exposed to an unknown level of ion
bombardment as a result of being immersed in the discharge of the arrangement; this was

not the case for the ion beam sputtered sample.

4.0. Conclusions

Good quality oxide materials have been deposited on substrates at reduced
temperature using IAD techniques. For some film materials, values of bulk refractive
index are obtained. Preferential sputtering of oxygen from the film material is sometimes
an issue. General indicators of these two behavioral characteristics promoted by ion
bombardment include threshold energy for ion incorporation and relative sputter yields of
film atomic species. Good quality, highly oriented films of PLZT have been deposited on
substrates of Si, Si with a buffer layer of SiO,, and fused silica using ion beam
sputtering. The material has displayed strong second harmonic generation at 1.06 microns
incident wavelength. In addition the surface morphology of the ion beam deposited
PLZT appears to be of higher quality than that of r.f. magnetron sputtered films of the

same composition.

The authors thank A. Mukherjee and S. R. J. Brueck for second harmonic
characterization of PLZT. We also thank Feiling Wang for his photolithography work
necessary to characterize these films.
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ATOMIC-SCALE MODELING OF LOW-ENERGY ION-SOLID PROCESSES

BRIAN W. DODSON
Sandia National Laboratories, Albuquerque, NM 87185-5800

ABSTRACT

Various techniques which have been applied to modeling low-energy (<< 1 keV)
ion-solid interactions on an atomistic scale are described. In addition to
their individual strengths, all such methods also have a number of drawbacks,
both fundamental and practical. The range of validity, and the problems
encountered external to this range, will be outlined for the different ap-
proaches. Finally, examples of molecular dynamics simulations of low-energy
ion-solid interactions will be presented.

INTRODUCTION

Growth, surface modification, and doping of artifically structured
materials (both metals and semiconductors) using low-energy (<< 1 keV) ion-
beams is currently under intense experimental study. The kinetic energy
associated with the 1ion beam can control important effects in near-surface

structural kinetics. Such effects include reactive ion cleaning/etchingl,
control of surface growth nucleation sitesz, control over growth norphology3.
including relative orientation of epitaxial growtha, production of non-
equilibrium doping profiless. growth of metastable epitaxial semiconductor

alloys6, and depth-limited oxidation of semiconductor surfaces.7 The growth
and fabrication opportunities presented have generated considerable excitment
in this field of research. '

Rather than pursuing the purely empirical approach of doing every pos-
sible experiment, however, it appears more reasonable to establish the
behavior of the dominant mechanisms through a carefully chosen subset of
experiments, and then develop procedures to predict the behavior of those
mechanisms under a wide range of conditions. Such comsiderations have driven
considerable effort on atomic-scale modeling of low-energy ion-solid
processes.

This paper reflects an attempt to review the special aspects of modeling
low-energy fon beam processes on an atomistic scale. The low-energy regime is
defined in physical terms, and the general nature of ion collisions, cascade
formation, and healing of the target material is described. The interaction
of & low-energy ion with the target is described in detail, because many of
the relevant {interactions are not important in conventional high-energy beam
processes. The three major classes of simulation techniques are then out-
lined, along with a discussion of the validity of their underlying assumptions
in the low-energy regime. Finally, we illustrate the current status of
atomic-scale wmodeling as applied to lov-energy ion beam processes through
examples of state-of-the-art simulations.
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WHAT ARE 'LOW-ENERGY’ ION BEAMS?

It is useful to establish physically based limits on the "low-energy" ion
bean regime. (Note that we shall call any energetic species impinging on a
solid surface an ion, even if it is wuncharged.) At the lower end, a
reasonable cutoff provides that the kinetic energy of the incoming ions is
similar to chemisorption energies for that ionic species on the substrate in
question. Note that this energy can, for chemically reactive species, be much
higher than typical thermal energies of, e.g., an MBE source. (Thermal
energies in an MBE deposition process are typically 0.1-0.2 eV, whereas
chemisorption energies for most semiconductors are several eV.) The reason
for this choice is that the energy released in forming the chemical bonds is
largely dissipated as phonon-like excitations and lattice distortions, which
serve to perturb the local environment of the chemisorbed species in a manner
similar to the effect of excess kinetic energy supplied by ion beam deposi-
tion. A reasonable lower limit for the "low-energy" beam regime in most cases
is thus 5-10 eV.

Establishing an upper 1limit for the "low-energy" regime is not as
straightforward. For example, one physically based limit is that the beam
velocity should be less than the Fermi velocity of the valence electrons of
the target material. This limit generally corresponds to beam energies of
several hundred keV, and thus appears much larger than appropriate for our
current purposes. A more reasonable limit can be set by determining in what
energy range the approximations used in modeling high-energy (>>10 keV) ion
beam interactions begin to break down. In the high-energy regime, the ener-
getic particles are modeled as "soft-spheres", having monotonically decreasing
pairwise repulsive interactions. This is quite reasonable, as rapidly moving
atoms do not have time to form chemical bonds (to do so, the residence time At
of the atoms must be >> h/AE; at typical bonding energies (AE=l eV), At |is
about 1 femtosecond (fsec); in fact, At for a 100 keV particle is about 0.1
fsec). In addition, the bonds between substrate atoms do not contribute
significant inelastic losses, again because of the disparity in energy scales.
At the same time, the pairwise interaction approximation is also appropriate
because the dominant interactions take place at small interatomic radii. As a
result, the "soft-sphere" approximation is quite reasonable in the high-energy
regime.

When does this "soft-sphere®” pairwise interaction approximation break
down? Discussion of this multifaceted question will take up a significant
part of this review. However, various approaches to this question suggest
that the high-energy interaction agproximation breaks down noticeably at beam
energies of a few hundrved eV. In addition, the ‘breakeven’ energy for sub-
strate sputtering (wnere the beam flux equals the sputtering rate) is on the
order of 1000 eV for many systems. For this review, then, the low-energy
regime encompasses beam energies of roughly 10-1000 eV. This criterion also
agrees with the requirement, in ion-beam deposition, that sputtering processes
are limited enough that a positive net flux to the surface is retained.

ATOMIC-SCALE SIMULATION OF LOW-ENERGY ION-SOLID PROCESSES

The overall process of interaction of an energetic ion with a solid can
be broken down into three major regimes, each occuring on a different times.
cale. The first is the collisional regime, in which the incoming ion
transfers its kinetic energy to the solid. This can take place either through
direct nuclear collisfons with the atoms of the solid, or by inducing transi-
tions in the electrons of the solid. The nonequilibrium structure of
displaced and/or highly energetic atoms formed within the solid in this period
is usually called the collision cascade. The underlying crystal structure of
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the solid is often completely disrupted in the cascade, with an accumulation
of vacancies in the central region of the cascade and a corresponding number
of interstitials generated around the periphery by the action of ’'dynamic

crowdions'.8 The characteristic timescale for development of this structure
is a few tenths of a picosecond in the low-energy regime.

The second major process is that of thermalization of the cascade region.
Energetic atoms will lose their excess kinetic energy through generation of
phonons in the surrounding material. The thermalization regime ends when the
cascade region has settled to local thermal equilibrium with the surrounding
material, so that the temperature is constant across the region. This will
generally occur within a few psec for cascades generated by low-energy ion
impact. .

Following the collisional and thermalization regimes, the cascade region
still exhibits a considerable degree of damage. Over the course of time, this
damage may be healed by diffusional processes, or by the action of other
incoming ions or atoms (e.g., in ion-assisted growth). The rate of further
evolution is a strong function of the experimental conditions, but will typi-
cally take place on a timescale which is not amenable to direct atomic-scale
simulation. As a result, the primary foci for atomistic simulation of ion-
beam processes are the collisional and thermalization regimes, where the
relevant physics takes place during the first few psec of interaction.

There are three general classes of simulation techniques for study of
atomic-scale structure generated by low-energy ion-solid events. The
simplest, and most widely used for high-energy ion processes, are the Monte

Carlo methods, with the TRIM-based codes9 providing the best-known examples.
In this approach, a moving particle approaches an initial atom with a randomly
chosen impact parameter, The binary collision approximation, which assumes
that the collision dynamics is dominated by the interaction of only the
closest atom, allows the collision to be treated as a simple binary scattering
event. The impact parameter, the particle masses, and the relative velocity
of the two particles, when combined with an interaction potential, allow
calculation of the scattering integral, which yields the amount of energy
transfered to the solid atom. The ion follows a straight line between sub-
sequent collisions. The angle of deviation in the collision, however, is not
used (in pure TRIM-type simulations) to evaluate the distance to the mnext
collision. Instead, the solid is assumed to be amorphous, and the distance
and impact parameter for the next collision are chosen randomly based on the
average properties of the solid lattice. (One common technique is to rotate
the lattice to a random orientation, and project the initial fon trajectory
until an impact parameter less than a cutoff value is found.) The scattering
integral for this binary cellision 1is then evaluated, and the procedure
iterated until the kinetic energy of the incoming ion is dissipated.

The previous paragraph describes only the simplest Monte Carlo ion range
simulations. For treatment of cascades, the solid atoms to which substantial
amounts of kinetic energy have been transfered must also be followed, as they
can produce secondary cascades. To obtain the lateral extent of a cascade,
more information about the lattice structure and deflection angle of the
collisions must be included in the simulation. Evaluation of the extent of
permanent damage 1is accomplished by identifying an average 'displacement
energy’ for formation of an interstitial-vacancy pair. In all cases, however,
Monte Carlo simulations are essentially pragmatically defined stochastic
descriptions with limited basis in first-principles. They provide reasonable
accuracy for the collisional regime of high-energy ions because the various
approximations applied to the collisions apply there and a given ion ex-
periences a large number of collisions. Thus treating each collision as a
statistical average is reasonable, and a highly refined empirical fitting
process has been developed over several decades. In the low-energy regime,
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however, essentially all of the approximations used in development of Monte
Carlo techniques break down. As a result, it is not reasonable to blindly
apply this class of simulation to low-energy ion-solid processes. In addi-
tion, Monte Carlo techniques are incapable of treating the thermalization
regime. Despite these limitations, these are the most commonly used proce-
dures at this time.

A significant refinement of the Monte Carlo techniques is sometimes
called the binary-collision lattice technique. The best-known code of this

type is probably HARLDVE.IO These techniques follow the Monte Carlo proce-

dures, save for two factors. First, rather than assuming an amorphous
lattice, the actual lattice of the solid determines the trajectories of the
incoming 1ions. Second, the angle of deflection is calculated in each binary
collision. The trajectory through the lattice is then followed from collision
to collision throughout the lattice until the kinetic energy is dissipated.
The result is a deterministic calculation of the ion trajectory and the cor-
responding cascade, fixed by the crystal lattice, interaction potential, and
the initial beam trajectory. Much of the stochastic nature which is the
downfall of the Monte Carle techniques is absent in these binary-collision
lattice simulations. This procedure is more accurate for range calculations,
because lattice effects, such as channeling, are included. It also provides a
more natural description of cascade structure, since the lateral evolution of
the cascade 1is included naturally. However, the treatment of lattice damage
is still probablistic in nature (based on an average displacement energy), the
collisions are still assumed to be binary in nature, and the moving particle
is assumed to travel on straight lines between these binary collisions. All
of these assumptions are questionable in the low-energy regime. Again, the
thermalization process cannot be properly treated by this class of techniques.

Finally, the molecular dynamics techniques11 provide a description of
ion-solid processes as accurate as the description of interactions between the
various parts of the system. In this approach, the Newtonian equations of
motion of the individual atoms are integrated in time to obtain the actual
trajectory of the entire system through phase space. (For beam energies above
10 eV, the deBroglie wavelength of an ion is several orders of magnitude less
than interatomic spacings. The classical trajectory approximation is there-
fore justified.) This is a wholly deterministic procedure, and naturally
includes lattice damage, collective effects of the solid, and simultaneous
interactions amongst several particles. In principle, then, the molecular
dynamics techniques are the ideal approach toward low-energy ion-solid process
simulation, including both the collisional and thermalization phases. The
difficulty 1is that these techniques are orders of magnitude more difficult to
carry out from a computational viewpoint. As a result, only a handful of such
simulations have been performed at this time.

In this section, three general classes of ion-solid simulations were
outlined. Application of these techniques requires various approximations
which are perhaps reasonable (at least on average) in the high-energy regime,
but which appear 1likely to fail at low ion energies. The amorphous solid
approximation does not even include particle channeling, which is a common
effect in the high-energy regime. The binary collision approximation is
likely to break down at low energies, where the distance of closest approach
is not dramatically smaller than interatomic distances on average. In addi-
tion, inelastic interaction with collective modes of the solid can become a
dominant influence at low beam energies. The approximation that trajectories
are straight between collisions is seriously wrong when the kinetic energy is
within an order of wmagnitude of binding energies in the solid. The statisti-
cal approach toward generation of lattice damage is questionable when an 1ion
interacts with only a small number of atoms before thermalizing. Most of the
above approximations can be avoided in molecular dynamics simulations.



However, choice of appropriate interactions between the atoms of the solid,
and between those atoms and the incoming ion, will always represent a sig-
nificant approximation. The description of these interatomic interactions
defines the fundamental physics controlling the ion-solid processes. Various
approximations used to describe these interactions are described in the fol-
lowing section.

ENERGETICS OF LOW-ENERGY ION-SOLID INTERACTIONS

The overall interaction of an energetic ion with a solid results from a
complex combination of electronic and nuclear (collisional) interactions.
Contributions from electronic interactions include the classical Bohr stopping
power, in which kinetic energy 1is lost to the work required to displace a
stationary electron gas, particle-hole creation, excitation of plasmons,
charge transfer reactions, and related effects. A classical image charge
interaction with the surface may also be present. The nuclear interactions,
which are usually treated as interatomic potentials, include the ion-solid
interaction potential as well as the solid-solid atomic interaction potential.

Fully accurate treatment of all these interactions poses an extremely
difficult problem. Fortunately, in any given energy region, some factors of
the overall interaction dominate. In the high-energy regime, for example, the
usual approximation is that the ion-solid interaction potential is a sum of
purely repulsive pairwise screened Coulomb potentials between the cores of the
interacting particles, combined with exchange and correlation energies based
on a simple density-functional model and superposition of static charge den-
sities. (An example 1is the widely used "universal"” nuclear interaction

potential developed by Ziegler, Biersack, and Littmark.lz) The electronic
interaction is often treated by invoking an electron-density and wvelocity-
dependent “"frictional force", which 1is primarily due to the Bohr stopping
power. Factors which are generally ignored in this limit are the image poten-
tial, the interaction between the atoms of the solid, and the various
localized electronic excitations.

The interactions appropriate for the low-energy regime differ con-
siderably. At low energies, the Bohr electronic stopping power is very small,
and can usually be ignored; however, the image potential, charge exchange
reactions, and the localized electronic excitations can be quite important.
The repulsive nuclear ion-solid interaction used in the high-enexrgy regime is
also inappropriate for low-energy interactions, because there can be time for
atomic polarization and chemical bonding effects to provide significant at-
tractive interactions. It is also necessary to include solid-state bonding in
the target, as the ion trajectories and rate of energy transfer to collective
excitations of the solid lattice can also be significant for low-energy ion-
solid processes.

In order to model low-energy ion-solid interactions with any of the
atomic-scale simulation techniques, tractable approximations for the dominant
scattering mechanisms are necessary. The primary difficulty is presented by
the 1ion-solid nuclear and image potentials. In both cases, the high-energy
formalism assumes that the ion-atom interaction <time is short enough (or
equivalently, the ion approaches the surface quickly enough) that redistribu-
tion of the valence electrons does not take place, As a result, at
sufficiently high beam energies screened Coulomb potentials provide an ade-
quate description of the ion-atom interaction, and there is little or no image

potential.
If the ion is moving slowly enough, however, the high-energy formalism
breaks down. In the 1limit of very slow motion, both the ion-solid and the

image charge interactions should be treated as adiabatic processes wusing the

o =
p—_)




e

W et L v -

Born-Oppenheimer approximation. In adiabatic interactions, the electrons are
always in stationary eigenstates of the current nuclear configuration. As a
result, chemical bonding interactions will form, and methods developed for
treatment of chemical and solid-state bonding are appropriate for obtaining
the ion-solid potentisl energy surface describing the collision dynamics.
Similarly, the polarization of the valence electrons which is responsible for
the image potential also has time to develop, and the conventional description
in terms of the dielectric constant of the solid is appropriate in this limit.
Note that in both high-energy and extremely low-energy processes these effects
depend only on the instantaneous positions of the interacting atoms.

NONADIABATIC EFFECTS IN LOW-ENERGY ION-BEAM PROCESSES

In the low-energy regime, the system may not have time during the
residence period to fully attain the adiabatic 1limit. Some degree of
electronic redistribution, which may perhaps be described as formation of
nascent chemical bonds (which we may term ’protobonds’ or 'protobonding inter-
actions’), should occur during the interaction, but the adiabatic (or
equilibrium) bonding configurations may not have time to form. (Equivalent
statements apply for the image potential.) In this situation, the nature and
strength of the ifon-atom nuclear interaction will depend not only on the
present positions of the particles, but also on the relative velocity and past
trajectories of the ion-atom pair. In this intermediate energy range, then,

the fon-atom interaction must be treated using a yelocity and history-
13
dependent description.

The crossover energy between the high-energy and adlabatic beam energy
regimes can be estimated by comparing the timescale for development of bonding
interactions with the ion-atom residence period, A typical residence period
for low-energy ions is several femtoseconds. It is very difficult, however,
to calculate the timescale for formation of protobonds within a time-dependent
quantum-mechanical framework. Because of this, several relevant semi-
classical estimates are considered, which together establish a qualitative
lower 1limit on the timescale for formation of significant bonding interac-
tions. The uncertainty principle can be used to determine if there |{is
sufficient residence time for bonding interactions to be physically meaning-
ful. ' From the energy-time uncertainity relation, the residence time required
to make bonding interactions physically meaningful is about 0.5 fsec.
Protobond formation during low-energy ion-atom encounters is thus meaningful
within a quantum-mechanical framework.

Formation of protobonds within the residence period also requires that
the electrons move fast enough to redistribute within the residence period,
and that the force on the electrons from the forces driving the formations of
the protobonds be large enough to drive the redistribution on the same times-
cale. The first condition requires that the ion be moving much slower than
the Fermi velocity, which for metals and semiconductors is generally about two
orders of magnitude higher than low-energy ion velocities. The second condi-
tion requires that the bonding force on the valence electrons be large enough
to cause the electrons to drift on the order of 1 A during the residence
period. This force is on the order of AE/Ax, or about 1 eV/A. Upon integra-
tion, the time required for an electron distribution to drift 1A in a field of
this wmagnitude 1is about 0.3 fsec, again very small compared to the residence
timescale.

These independent semiclassical estimates agree in that the timescale for
redistribution of valence electrons, and hence formation of bonding interac-
tions, is potentially sub-femtosecond. (Note again that formation of
adiabatic bonding configurations may tske a considerably longer period. Only




the initial stages of redistribution of the valence electrons in the dynami-
cally modified nuclear potential are considered here.) Since the residence
period for low-energy beam particles in a lattice is generally several fem-
toseconds, it appears possible that there is an important regime (probably
below a few hundred eV) in which non-adiabatic (and hence velocity and
history-dependent) bonding interactions can influence beam-solid interactions.

It seems clear that non-adiabatic nuclear interactions may result from
dynamic redistribution of the valence electrons during low-energy beam-solid
processes. It is not immediately clear, however, that these effects will have
a significant influence on the overall nature of the beam-substrate interac-
tion. This question has recently been examined by the present author using
molecular dynamics simulations of beam-solid interactions in the two extreme

limits (non-bonding versus adiabatic bonding).13 A neutral Si beam normally
incident on a (2x1) reconstructed $i(100) substrate was chosen for study.
Beam energies of 12.5 eV, 50 eV, and 200 eV were considered to study the
effect of bonding interactions over a range of velocities. A random distribu-
tion of impact positions was chosen so that the effect of uncharacteristic
initial conditions could be eliminated. The interaction between the substrate

atoms was treated 1in both limits using an empirical many-body potentiallh,

which provides a natui’al description of cascade processes, vibrational excita-
tion, and other effects due to the incoming beam particles. The non-bonding
ifon-solid interaction was modeled using the Ziegler, Biersack, and Littmark
"universal” nuclear interaction potential. The adiabatic ion-solid interac-
tion is described using the same semiempirical many-body potential as used to
describe the solid-solid atomic interactions.

These simulations revealed very significant differences between the
bonding and non-bonding ions. For example, the average penetration depth of
the 12.5 eV non-bonding ions is 10.5 A, compared to 2.8 A for the case of
adiabatic bonding. At beam energies of 12.5 and 50 eV, energy loss is sub-
stantially more rapid for the bonding ions than for the non-bonding ions. At
200 eV, however, the energy loss is similar for the two cases. This is be-
cause the beam energy in this case is much larger than the characteristic
bonding energies.

Figure 1 shows examples of collision cascades resulting from identical
initial configurations for non-bonding and bonding ions at 12.5 and 50 eV.
Major differences appear as the simulation conditions are varied. First, the
trajectory of the non-bonding ions is only slightly deflected by interaction
with the substrate atoms, whereas the bonding ions follow a strongly curved
path through the substrate. This 1is a simple consequence of the strongly
directional covalent bonding active in the latter case. For the same reason,
the cascade resulting from the non-bonding ion extends far into the substrate,
but has moderate lateral extent and density, whereas the bonding ion produces
a cascade restricted to a region near the surface, but having a larger lateral
extent and density of displaced atoms (this is best seen in the 50 eV
simulations). Another interesting feature of the bonding ions is that the
number of displaced atoms {s a strong function of the beam energy, with only 3
atoms displaced at 12.5 eV, but 16 atoms displaced in the 50 eV event, despite
the fact that the total energy deposition is similar in both cases. (The
kinetic energy lost by the 50 eV non-bonding fon during penetration of the
substrate lattice {s 11.3 eV in this example.) As a result, the beam energy
should affect low-energy ion-solid processes not only by varying the available
energy, but also by controlling the ion-substrate coupling. As a result, beam
energy could take on a new importance in optimization of very-low-energy ion-
beam processing.

The simulations presented above establish that the effect of an ion beam
on a surface depends strongly on the nature of the interaction of a rapidly
moving fon with the substrate atoms. The nature of the interaction should
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Figure 1. Collision cascades produced in a $i(100) substrate by a very-low
energy neutral Si ion at normal incidence. The impact location 1is the same
for all examples shown. The beam energy is 12.5 eV in (a), and 50 eV in (b).
The cascades marked "non-bonding" result from use of the universal nuclear
potential of Ziegler et. 31.12 to describe ion-atom interactions, whereas
those marked "adiabatic bonding" use an empirical many -body potential‘“ for
ion-atom interactions. In all cases, the substrate atoms interact via this
many-body potential to accurately include the effect of lattice vibrations.
The distinction between the non-bonding and adiabatic bonding ion-atom inter-
actions is clearly seen.
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change with relative velocity of the interacting particles, from nearly
adiabatic bonding at the low end of the low-energy regime to repulsive
screened Coulomb potentials at the high end. As always, the intermediate
regime is the most difficult to treat, Preliminary efforts have been made by
various groups toward a time-dependent quantum description of ion-atom inter-

actions in the non-adiabatic energy regime.ls Although this area of research
is progressing rapidly, simulations complex enough to treat the non-adiabatic
interactions described in the present paper are apparently beyond the current
state-of-the-art.

EXAMPLES OF LOW-ENERGY MOLECULAR DYNAMICS SIMULATIONS

In this section, some low-energy beam-solid simulations which are repre-
sentative of the current status of the molecular dynamics technique are
presented. There are two main areas being studied at this time, concentrating
either on ion-beam processes which are not amenable to experimental study or
on the problem of identifying appropriate interaction potentials by comparison
with relevant experimental studies. Both types of efforts have produced
encouraging results.

Many studies have been made of processes which are difficult or impos-
sible to study experimentally. An obvious problem of this type is ion-beam
deposition, in which the relevant physics takes place primarily on a psec-nsec

timescale. The ion-beam deposition of Lennard-Jones atoms on a  two-
dimensional substrate over a range of incident kinetic energies has been
16,17

simulated by Muller. He found that, whereas thermal deposition processes
carried out at very low substrate temperatures yielded a spongy, porous
microstructure, beam energies equivalent to a few eV were sufficient to drive
formation of a nearly perfect epilayer (Figure 2). Similarly, in the case of
ion-assisted deposition (ion bombardment simultaneous with thermal
deposition), small beam energies were found adequate to greatly improve the
epilayer microstructure. It is certainly possible that, in this particular
system, the porous microstructure of the thermally deposited epilayer may be
an artifact of the extremely short timescales available for structural relaxa-
tion in molecular dynamics simulations. The qualitative effect of the
incident kinetic energy of the impinging atoms however, is probably valid for
general systems.

More commonly, the initial stages of the low-energy ion-solid interaction
are studied using molecular dynamics techniques. Simulations of the interac-
tion of low-energy (<50 eV) neutral Si beams with a (111) silicon substrate

: 18
have recently been carried out by the present author. |19 The interactions
amongst the substrate atoms and between the ion and the substrate atoms are

treated using an empirical many-body potentiallh which captures the essence of
the covalent solid-state bonding. (The tacit assumption of fully adiabatic
bonding was made here. This is probably reasonable in this very-low energy
regime.) In the case of near-normal incidence, both the range of the ions and
the extent of lattice damage were found to be greater than expected from the

conventional Monte Carlo or binary-collision lattice models. The extended
range 1is caused by interactions which efficiently steer the ions into lattice
channeling directions, allowing deeper penetration than expected. The in-

crease in lattice damage has at least two sources. First, the range of the
potential combined with the collective response of the lattice produces a
near-surface region in which the cage effect of the surrounding atoms is less
than expected by the simple displacement energy description. Second, the
highly directional nature of covalent bonding produces more effective coupling
between the kinetic energy of the ion and a given substrate atom. The overall
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Figure 2. Molecular dynamics simulation of growth of two-dimensional Lennard-
Jones crystals. The kinetic energy of the beam atoms is a) 0.05¢, b) 0.3e,
and c¢) 1.5¢, where ¢ sets the scale of the binding energy. [Roughly, a)
corresponds to thermal deposition, and b) to =10 eV beam deposition.) The
influence of added kinetic energy 1is clearly shown, with beam deposition
resulting in growth of material having nearly the ideal crystal density.

(113)

sl
(100)

Figure 3. The surface channeling trajectory of a 40 eV silicon atom incident
at an angle of 10° on the S1(111) surface. The perpendicular momentum of the
beam atom is lost by inelastic generation of collective substrate excitations,
causing the beam atom to be trapped at the surface. The resulting trajectory
is nearly parallel to, and about 2 A above, the surface of the substrate.
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picture resulting from this study is very different from that suggested by the
stochastic simulation techniques.

Grazing incidence trajectories were also studied.19 In these, incoming

neutral Si ions were directed at grazing (3-30°) angles of incidence along the
(110) rows of atoms on the substrate surface. Again, all interactions were
described by the empirical many-body potential. At larger angles of in-
cidence, the ions were found either to scatter off the surface or stick near
the impact site. As the incidence angle is reduced, however, the vertical
momentum is absorbed by phonon-mediated inelastic interaction with the sub-
strate, and the ion is steered into a trajectory parallel to and above the
substrate, where it is trapped by the chemical bonding between the ion and the
substrate atoms (Figure 3). Ions following these 'surface channeling’ trajec-
tories experience very 1little energy loss, and can travel large distances
(hundreds of A) from the point of impact. A closely related effect was
recently observed experimentally for low-energy K ions incident on a Si sub-

strate. 20

A problem of considerable importance to the plasma/wall interactions
which limit the performance of some types of fusion research devices is that
of low-energy hydrogen reflection from metal surfaces. Experimental study of
this phenomenon is extremely difficult at energies below 100 eV, which 1is
perhaps the most important regime for the applications of interest. In

response to this need, Baskes21 has studied reflection of neutral H ions from
a (100) nickel surface for ion energies from 0.1 to 100 eV. The Ni-Ni and the
H-Ni interactions are treated within the framework of the embedded atom
method, which is a semiempirical many-body potential with an excellent record
of success in treating fcc metals. In the absence of chemical interactions,
one expects that the reflection coefficient will go to unity at very low
energies. In contrast, the EAM simulations predict that the reflection coef-
ficient goes to zero, consistent with a finite chemical binding energy. The
effect of the many-body surface bonding effects begins to appear at ion
energies of about 10 eV in this system (Figure 4).

Another interesting study has recently been performed by Garrison and

coworker522’23, who studied the use of the embedded atom method in calculating
sputtering from metal surfaces, in particular Rh and Cu sputtering driven by 5
keV Ar ion bombardment. (Although the beam energy is considerably above the
low-energy regime, the atomic interactions within the substrate which lead to
sputtering generally occur at much lower energies.) The primary result of
including the many-body interactions is to approximately double the energy of
the peak of ‘the energy distribution, and to increase the size of the high-
energy tail (Figure 5). They find that the energy and angular distributions
predicted by molecular dynamics simulations are in agreement with the relevant
experimental data, although the form of the EAM interactions had to be ad-
justed to obtain this result. This provides a clear example of the need to
include wmany-body interactions to accurately model low-energy ion-solid
processes.

SUMMARY

In this review, we have attempted to establish that there is a physically
defined low-energy regime for ion-solid processes. This regime 1is distin-
guished from thermal adsorption processes by having incident kinetic energy
greater than typical chemisorption energies, and from the high-energy ion-
solid regime by the breakdown of the ‘soft-sphere’ and binary collision
approximations. These considerations establish a low-energy regime from about
10-1000 eV, in which collective excitations of the crystal lattice, many-body
effects, and ion-solid bonding interactions cannot be safely ignored. The
primary atomic-scale simulation techniques applied to high-energy ion-solid
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Figure 4. Probability of hydrogen reflection off a Ni(100) surface as a
function of incident energy. The solid line represents a many-body treatment,
whereas the dashed line is the result of a TRIM-type Monte Carlo code. Below
an incident energy of about 10 eV, major differences in reflection coefficient
appear.
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Figure 5. Energy distribution of sputtered atoms from a Cu(lll) surface

bombarded with 5 keV Ar ions. The two-body Interaction is a Mollere core
combined with a chemical Morse potential, whereas the many-body interaction is
based on the embedded-atom method. When many-body interactions are included,
the peak in the distribution shifts to higher energies, and the high-energy
tail is much larger than for pairwise interactions.
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processes were described, and their shortcomings for the low-energy regime
were outlined. Even though the best founded technique is clearly molecular
dynamics, there remain fundamental problems concerning appropriate potentials
for this non-adiabatic regime. The many-body and non-adiabatic effects are
not yet well understood. As a result, atomic-scale simulations of low-energy
ion-solid interactions should not yet be regarded as routine tools, but rather
as active objects of research in themselves.
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THE SPECTROSCOPY AND SURFACE CHEMISTRY OF
METAL-ALKYL MOLECULES

P. SHAW, J. O'NEILL, E. SANCHEZ, Z. WU, and R.M. 0SGOOD, JR.
Microelectronics Sciences Laboratories, Columbia University,
New York, NY 10027

ABSTRACT

Metal-alkyl molecules provided an early source molecule
for photodeposition of metal. They continue to be of interest
for patterned and unpatterned laser deposition and for contact
formation on compound semiconductors. This article provides a
brief review of what has been learned about the surface photo-
physics of this class of molecules based on several years of
study with UV and IR absorption spectroscopy, UHV surface
analysis, and thermal and photodesorption mass spectroscopy.

INTRODUCTION

Some of the earliest demonstrations of both the funda-
mental chemistry and practical applications of laser chemical
processing techniques involved photofragmentation of rela-
tively simple metal-alkyl molecules (1-5]). For example, laser
direct writing of metal lines (1] and direct doping of com-
pound semiconductors were first demonstrated [2] with two
related organometallics, e.g. dimethylcadmium (DMCd) and
dimethylzinc (DM2n). Both of these molecules were also used
in the first demonstration of additive mask repairs [5], and
circuit testing and restructuring (6]. Metal alkyls were
attractive sources because they are easily fragmented in the
medium UV with readily available pulsed and UV laser sources.

The photochemical processing techniques utilizing these
molecules involve a complex series of heterogeneous chemical
processes. For example, in the photodeposition of metal films
most metal atoms in a deposition result from photolysis of
either gas-phase or physisorbed species. On the other hand,
the patterning or spatial resolution of the process results to
a large degree from photolysis of chemically adsorbed
molecules (7,8].

Metal alkyls form an excellent class of model compounds
tfor investigating intertacial phenomena. Metal-containing
parent molecules appear in both the divalent and trivalent
forms with a variety of substituted ligands (e.g. DMCd, DEcCd
and TMAl), allowing the effects of various molecular proper-
ties to be studied. Their ultraviolet spectra occur in the
nhear-to-medium ultraviolet and exhibit scientifically useful
shifts from one nmember of a sequence to another. The vapor
pressures of most compounds at room temperature are in the
range where both gas and adsorbed phases can be conveniently
studied. Finally, their molecular structure is simple enough
to allow clear physical interpretation.

Mat. Res. S$oc. Symp. Proc. Vol. 129. < 1008 Meterials Research Society



In this review, we will attempt to summarize briefly what
has been learned about the interfacial photochemistry of
metal-alkyl molecules. The review will concentrate on results
with dimethyl-metal alkyls [9]. In addition, we will focus on
discussing work in the authors’ laboratory. The paper will be
divided into four sections: a brief review of the experi-
mental techniques used, a description of gas-phase photo-
chemistry, a summary of what is known regarding the photo-
physics and structure of the physisorbed layers, and finally
more recent studies of the chemisorbed phase.

EXPERIMENTAL TECHNIQUES

The study of the photochenmistry of metal alkyls has
relied on the. use of an array of standard and novel
experimental techniques. For the gas phase, the approach has
been to use ultraviolet and infrared spectroscopy for the
studies of basic molecular structure, and to rely on metal-
atom resonance-line-lamp absorption for the study of metal-
atom transport and lifetime. In addition synchrotron-radi-
ation-induced dissociation has been used by Yu, et al [10] to
probe the very diffuse emission from monomethyl fragments
[11]. Finally, Chu, et al [11] have used infrared fluor-
escense to detect vibrational excitation in methyl 1ligands
following pulsed excimer dissociation.

Surface studies have more often required the development
of new techniques. For spectral measurements involving
physisorbed layers, the central experimental problem is to
distinguish a rather small surface signal from the strong
absorption in the gas overlayer that is necessary to maintain
the film on the surface [12]. In the case of ultraviolet
absorption surface spectroscopy, we solved this problem by
using multiple, flat, adsorption surfaces and spacing these
surfaces sufficiently closely that the absorbing gas path
between the windows had an optical depth smaller than the
optical depth of the physisorbed layer ([13]. For infrared
spectroscopy on surfaces, we have used monolayer-sensitive
total-internal-reflection spectroscopy [14]. The evanescent
wave of the multiple-reflected infrared beam preferentially
samples the adsorbed layer. For our experiments, the total-
internal-reflection element was silicon. However, the
composition of the surface was reliably chemically altered to
study adsorption on S$i0, and hydrogen-passivated surfaces.

For chemically-adsorbed molecules, the relatively high
heat of adsorption permits experimentation in an UHV ambient.
As a result, it is possible to use standard UHV analysis
technigues such as XPS and Auger spectroscopy [15). In addi-
tion, we have developed a sensitive single-pass adsorption
technique to look at adsorption on a single surface of trans-
parent material [16). The simplicity of the optical path
allows significant jin gity surface preparation. We have also
used the total-internal-reflection technique mentioned above
since it is sensitive to even submonolayer molecular cover-
ages. Finally, we have recently begun the study of the
thermal desorption and the photofragmentation of the adsorbed
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molecules using an sioz-covered silicon substrate on a
heatable holder and an ip situ mass spectrometer. A summary
of the techniques used for the experiments reviewed here is
shown in Fig. 1.

LY
N // e g
-- L4 ™
A \g’—m =S § 5 §
[ LN

Fig. 1. Different techniques used for the study of adsorbed
molecules.

MOLECULAR STRUCTURE AND ULTRAVIOLET SPECTRA

At first glance, the multiplicity of atoms (nine) and
electrons (~100) in the dimethyl metal molecules would seem to
make understanding of the metal-alkyl vibrational and elec-
tronic spectra a formidable task. However, to a high level of
approximation, the electronic states of these species can be
understood upon consideration of only the four outer electrons
which are active in the bonding process. In particular, all
three of the Group IIb metal atoms, Zn, Cd, and Hg, have a
compact core and two outer s electrons with relatively large
radii. Only these outermost valence s electrons are involved
in the bonding process. For the methyl groups, the four
va}ence electrons of carbon occupy four tetrahedral hybrid
sp~ orbitals. In the metal alkyls, three of them are fixed
as C-H bonds. Only one of the sp” hybrid orbitals bonds
with the metal atom.

within this four electron approximation, these dimethyl
metal alkyls resemble closely the case of the simplest
polyatomic molecules: metal dihydrides with four active
electrons, that is, BeH,, MgH,, ..., CdH,, HgH,. As
pointed out by Walsh, [1 these four-electron dihydrides
should be linear in their ground state and bent in their first
excited state. This four-electron picture has been verified
by an ab initio calculation of the electron structure of the
ground state of dimethylcadmium.

According to the above model the dissociation process
occurs as follows (see Fig. 2) [18]. Excitation of the mole-
cule to the first excited state, results in “he immediate
production of a bent "quasitriatomic® molecule. The excited
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molecular orbital a,+ is made of, essentially the outer s
azomic orbital of the metal atom and electrons in one of the
tetrahedral orbitals of the methyl groups. Since one of the
valence bonds is broken, the molecule will disintegrate
immediately into a monomethyl molecule in the ground state and
a methyl radical. Notice that since the excited DMCA molecule
is highly vibronically excited and the binding energies of the
monomethyl molecules are very small (less than 6 kcal/mol),
complete dissociation of the monomethyl occurs as well. The
second excited state, which is linear, contains a nonbonding,
excited JI orbital. Thus, the metal atom behaves just as a
column I atom; for example, Ag. Conseqguently, the molecule
will disintegrate immediately into a monomethyl molecule in
its excited state and a methyl radical. The potential surface
of this excited state will have a saddle point and two
troughs, and a structured continuum can be observed in the
absorption spectra, since the lifetime of the excited state is
longer than a vibrational period. Finally, the electronically
excited monomethyl molecule, in either the Z2II,;; or 2Il;; state
will radiatively decay to the ground state. his has recently
been observed by Yu, et al [(10).
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PHOTOPHYSICS IN THE PHYSISORBED LAYERS

The infrared and ultravioclet spectroscopic studies of the
physisorbed layers illustrate different aspects of the photo-
physics of the physisorbed molecular layer. In particular,
the infrared studies are most useful for determining the
hermodynamics and molecular environment for the adsorbed
molecules., The ultraviolet measurements directly address the
question of the UV absorption spectra.

Regarding the infrared studies of the physisorbed layers,
Fig. 3 compares the IR spectra of both the gas (done by
conventional FTIR absorption spectroscopy) and adsorbed DMCd
in the region of the CH stretch frequency [14]. As can be
seen, the spectral features are very similar for both the gas
and physisorbed state except that, as might be expected, the
rotational motion is quenched upon adsorption, and some
narrowing of the rotational envelope is seen.

f, Fig. 3. FTIR absorption
4 spectra of gas phase and
\ adsorbed DMCA. The trans-
b mittance scale for each

' M spectrum is different in
this figure. Intensities

were normalized to the peak

Vo intensity of each trace
/ (a) Gas-phase spectrum path
¢ length 5 cm, pressure 10

; K\\f" -~ Torr (b) IR spectrum of
i chemisorbed species, back-

ground pressure 1X107torr

(c) IR spectrum of physi-

Transmittance (g u)

sorbed species, ambient DMCd
pressure 30 torr.

3200 3000 28C2 2600

WwWovenumbers

Ir. addition, infrared spectral changes are observed as
the ambient DMCd pressure is varied. As illustrated in Fig.
4, the frequency of each vibrational band is seen to red-shift
gradually from the gas-phase absorption frequency at 1low
coverages toward that exhibited by the liquid state at higher
multilayer coverages. The magnitude of the red-shifts
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measured in the present experiments (=20cm'1) is consistent
with that expected for a weakly interacting system dominated
by dispersive interactions. Also, the intensity of each
vibrational band grows with increasing DMCd pressure. This
behavior is reversible with ambient gas pressure except for a
small residual signal which remains upon evacuation to 10
Torr and which is attributed to a non-negligible chemically
adsorbed film. The intensity development of the 2vi; + v3
combination vibration lags behind that of the fundamental
stretching modes at higher surface coverages (p>15% Torr).

Isotherms of the vg absorption intensity, which can be
related to total molecular surface density versus ambient gas
pressure, are presented in Fig. 5 for measurements at various
temperatures. Similar plots were obtained for the other
vibrational bands observed in the DMCd spectrum. Near the
vapor pressure of dimethylcadmium (35 Torr at 25°C), the
adlayer signal increases dramatically, indicating the
incipient formation of the condensed ligquid. At a given gas
pressure, the measured absorption intensity decreases abruptly
with increasing surface temperature, as expected for physi-
sorbed molecules. By analyzing the integrated absorption
intensity as a function of substrate teaperature at constant
gas pressure, the energy of this adsorption process was
determined to be approximately 9 kcal/mole, which is in close
agreerent with the heat of vaporization of liquid DMcd. The
loss of intensity from the rotational wings of the v
perpendicular CH stretching vibration arises as collisions and
dephasing interactions between molecules on the surface
broaden the individual rovibrational transitions which are
resolved in the gas phase.
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Fig. 5. 1Isotherms of absorption intensity versus ambient DMcCa
pressure for the vg absorption band. These data were
obtained at 28, 34 and 42° C, and they can be shown to yield
a heat of adsorption of 9 kcal/mol.

Recently, infrared measurements have shown that the
degree of physisorption is sensitive to the nature of the
substrate. For example, on carefully hydrogen-passivated
silicon, the number of physisorbed molecules is very small.
We believe this effect stems from the fact that physisorption
occurs primarily on the sites of chemisorbed molecules, which,
as we will show below, adsorb negligibly on passivated
silicon. The opposite of this behavior, which causes an
enhancement of both the physi- and chemisorbed molecular
densities, is seen on surfaces containing metal. Similar
effects were observed previously in a system involving
trimethylaluminum on alumina (9].

The changes in the ultraviolet spectrum upon molecular
physisorption are more pronounced than in the IR. Figure 6
shows, for example, the ultraviolet spectra of physisorbed
DMCd [13]. Notice that both of the gas-phase bands mentioned
above appear to have coalesced into a single feature, indi-
cating significant shifts and broadening in the energy levels
of the adsorbed molecules. The peak optical cross section of
the adsorbed molecules is, however, comparable to that of the
B state of the gas phase.

[
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Fig. 6. UV spectrum of physisorbed DMCd on fused silica.

For most practical applications it is also important to
know the yield for surface photodissociation. Unfortunately,
very little data has been gathered on the yield for physi-
sorbed molecules. However, we do know from the more practi-
cally oriented studies of photodeposition, that photodisso-
ciation can occur in physisorbed molecules; in fact in some
cases it may dominate the photodeposition process [19].

PHOTOPHYSICS AND THE NATURE OF THE CHEMICALLY ABSORBED LAYERS

The possibility of studying the chemically absorbed layer
under UHV conditions has led to a more precise understanding
of its physical properties. The two most basic gquestions to
be answered are 1) What is the species of the chemisorbed
molecule? and 2) What is the site at which chemisorption
occurs?

First, regarding the nature of the adsorbed molecule,
recent experiments using thermal desorption spectroscopy (TDS)
have confirmed that the molecule leaving the surface has the
same mass spectrum as that of DMZn. This result is also
supported by the strong similarity between the infrared
spectroscopy of the physisorbed layers with that of the
chemisorbed layer (see Fig. 3), although the latter evidence
cannot be regarded as convincing because of the strong binding
within the methyl ligand.

Second, the degree of adsorption of the DMCd molecules on
the various substrates that we have investigated can be used
to help identify the sites on which the molecule adsorbs. 1In
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particular, we have found, using IR spectroscopy, that chemi-
sorption does not occur on hydrogenated silicon but instead
appears to correlate well with the amount of oxide on the
surface (see Fig. 7). Further, UV spectroscopic studies on
fused silica substrates have shown that the amount of absorp-
tion is also controlled by the extent of preheating of the
silica surface {16). As shown in Fig. 8, preheating temper-
atures of ~500°C, are sufficient to reduce by 1/4 the amount
of surface adsorption on the silica. This result correlates
well with the known thermal removal of hydroxyl surface
radicals with temperature. Hydroxyl radicals are formed
readily on an oxide surface through the reaction with ambient
water. The preheating results indicate that the primary
absorption site is these surface OH groups and not the simple
oxide sites. Infrared measurements have shown that the
hydroxyl peaks disappear (or possibly broaden into the back-
ground noise) after the chemisorption of DMCd. Again this
result is consistent with chenisorption on an OH site.

Chemisorption
hagp i Wit iy e \&‘WWM
VAN
WM‘Y Physnsorphon
= Wooowoom
< N
/NIIN/IN Fig. 7. IR spectra of
S , , both chemisorbed and
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= Chemisorption H-passivated silicon
E W\«-J-u‘\w‘wﬂ AWML surface and on an oxi-
® Yoot S5 ol dized silicon surface.
5 W LT
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The TDS measurement alluded to earlier can be used to
determine the strength of the adsorption bond. Feor both DM2n
and DMCd the bond energy found in this way is approximately
1 ev. Further, it is found that absorption will reoccur




after thermal desorption has taken place. Both of these
observations are consistent with a mechanism which relies on a
weak bond between the surface OH and the dimethyl molecule.
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Fig. 8. Absorption spectra of chemisorbed DMZn molecules on
one gquartz surface which had been prepared by baking and
evacuatxng the surface at (a) 120°9C, (b) 300° and (c)
550° for 24 h. The insert describes the surface concen-
tration of OH groups as a function of the temperature of
thermal treatment. The hatched area is the range of OH
concentration on silica samples measured by previous workers
(Ref. 20). The points are obtained by the present absorption
measurement as described in the text. Since only relative
values of OH density can be estimated in our absorption
measurement, we have assumed in plotting the points, the OH
concentration at 120°C to be equal to the value given in
Ref. 20.

A final aspect of our work on chemisorbed species
concerns its photochenmistry. Unlike in the case of the
physisorbed molecules, we now have very good evidence on the
yield and fragmentation pattern of the chemisorbed molecules.
First based on our assumed surface density of the DMCd
molecules, we find that the total cross section for optical
absorption agrees reasonably with that expected from the gas-
phase molecule; oscillator strength in the mid-UV bands is not
lost or gained upon absorption. Second, we used a mass
spectrometer attached to our photolysis chamber to determine
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that the fragmentation following surface irradiation at 193 nm
(ArfF) produces only CH; radicals; gas-phase Cd species are
not seen. Finally we have found that the yield during irrad-
iation is considerably lower than for gas-phase molecules. As
shown in Table 1, irradiation at 248 nm produces little or no
photodissociation. At 193 nm significant photodissociation
does occur but still with yields much less than that seen for
gaseous molecules. This data was obtained both by observing
the disappearance of the CH; IR spectra and by observing the
instantaneous production of CH3 fragments with a continu-
ously vacuum-pumped mass spectro-meter. The former measure-
ment gives a measurement of the integrated photodecrease in
the metal alkyl while the latter provides a "snapshot" of the
photodissociation cross section at a given moment in time.

| __193 nm 248 nm
DMZn CH, Nothing
pMcd CH, Nothing

Table 1, Fragmentation of surface
adsorbed molecules under UV laser
irradiation measured by a mass
spectrometer.

One of the results of these measurements is to show that
the yield for photodissociation is much less than unity, i.e.
~1/20. This small yield may result from quenching through the
OH-DM metal complex to the surface. Note that the gquenching
appears to be far more effective at 248 nm, indicating that
the lower lying A state is more amenable to de-excitation than
the B state.

CONCLUSION

In this review, we have presented an overview of the
photophysics of dimethyl metal-alkyls. Through an extended
study of the photochemistry of these molecules, we have
obtained a nearly complete picture of their photophysics at
interfaces on passive surfaces. Important questions do still
remain unanswered. For example, the photochemistry on the
deposited (or even pre-existing) metal surfaces remains
unstudied. In particular, questions remain on the nature of
the chemisorption process on pure metal, the shift in the
dominant alkyl UV spectra as methyl ligands are ejected from
the surface, and, finally, the value of yield on the bare
surface.

We would like to acknowledge support for this work from
ARO, JSEP, and IBM.
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THERMAL AND PHOTOLYTIC DECOMPOSITION OF ADSORBED
CADMIUM AND TELLURIUM ALKYLS

C.D. Stinespring and A. Freedman
Center for Chemical and Environmental Physics, Aerodyne Research, Inc.,
45 Manning Road, Billerica, MA 01821

ABSTRACT

Studies of the thermal and photon-induced surface chemistry of
dimethyl cadmium (DMCd) and dimethyl tellurjum (DMTe) under ultrahigh
vacuum conditions have been performed for substrate temperatures in the
range of 133 K to 295 K. Results on GaAs(100) and Si(100) surfaces
indicate that for DMTe, the predominant adspecies, dimethyl tellurium, can
be photodissociated to a metal adspecies at both 193 and 248 nm. For
DMCd, the major adspecies, monomethyl cadmium, is unreactive to photon
stimulation.

INTRODUCTION

Thermal and photon-assisted deposition processes involving
organometallic precursor species are currently being investigated for
II-VI and III-V compound semiconductors.[l] These processes provide the
potential for reduced growth temperatures and increased process
flexibility. Illustrations include reduced pressure laser assisted
chemical vapor deposition (LCVD) of CdTe[2] and ultra high vacuum (UHV)
metalorganic molecular beam epitaxy (MOMBE) of GaAs.[3] These relatively
new deposition processes raise important questions concerning chemical
mechanisms which must be answered if the processes and materials they
produce are to be optimized.

This paper describes ongoing experimental studies([4,5]) of the thermal
and photon-induced surface reactions of dimethyl cadmium (DMCd) and
dimethyl tellurium (DMTe). The objectives of these studies are to provide
an understanding of the underlying chemical and physical processes and to
explore novel approaches to CdTe heteroepitaxy. The work focuses on CdTe
heteroepitaxy because of the importance of this material in electro
optical systems.[6] DMCd and DMTe were the first precursor species
selected for investigation because of their inherent scientific interest.
The gas phase photochemistry of DMCd and DMTe has been extensively
investigated; these molecules are known to undergo one photon dissociation
to produce ground state metal atoms.[7-9] This behavior contrasts with
that of trimethyl gallium and trimethyl arsenic which dissociate in the
gas phase via a multiphoton excitation process.[10] The basic questions
we attempt to answer in this study are: i) How do DMCd and DMTe interact
with the surface of a substrate or growing thin film? and ii) Is this
interaction such that single photon (as opposed to multiphoton) processes
can be used to produce metal adspecies and, ultimately, epitaxial CdTe
thin films?

EXPERIMENTAL

The experimental apparatus used in these studies is shown in Figure 1.
It consists of a turbomolecular pumped, liquid nitrogen trapped UHV
reaction cell interfaced to an ion/sublimation pumped UHV analysis
chamber. The diagnostics used in these studies were X-ray photoelectron
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APPARATUS USED in STUDIES
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Figure 1. Schematic diagram of the experimental apparatus.

spectroscopy (XPS) and low energy eslectron diffraction (LEED). The sample
was transferred between chambers using a linear motion feedthrough with
sample heating (1200 K) and cooling (133 K) capabilities. Samples were
exposed to reactive gas species using an effusive molecular beam doser.
For the sample-source geometry used here, the angular distribution of the
effusive beam produced only a nominal 10X variation in exposure over the
analyzed area of the surface. Photon-induced processes were studied by
irradiating the surface with UV photons produced by an excimer laser.
These were introduced through a Conflat mounted MgF; window (Harshaw).

The wavelcengths used in these experiments were 193 nm and 248 nm. Laser
fluence, controlled using a simple beam expander, ranged from 0.25 mJ ca™2
to 2.5 mJ cm~2 to minimize the effects of surface heating (<3 K to

30 K)[11].

The samples used in these studies were GaAs(100), $Si(100), $i0;, and
Au. The GaAs and Si samples were p-type electronic grade single crystal
substrates provided by Litton and Monsanto, respectively. The SiD; sample
was amorphous quartz, and the Au sample was a polycrystalline foil
(Alfa Products). In situ sample clsaning involved Ar' ion etching at 1 kvV.
For the GaAs and Si surfaces, this was followed by annealing at 850 K[12]
and 1100 K[13], respectively, to restore surface order. The DMCd and DMTe
(Alfa), except where noted, were purified using a series of freeze-thaw
cycles,

The XPS analyses were performed using a PHI 15 kV, Mg K, source and
a PHI double pass cylindrical mirror electron energy snalyzer operated at
a pass energy of 50 eV. The analyzer was calibrated using the Au 4fy3/2
photoelectron peak at 83.8 eV. For the Si0;, sample charging effects were
taken {into account by referencing the spectra to the Si 2p peak at
103.4 eV. Adspecies coverages were calculated from known values of the
X~ray mass absorption coefficients, slectron mean free paths, and peak
intensities using a technique developed by Madey, et ¢1.[14]. Following
Wedler and Klemperer,(15] reactive sticking coefficients were determined
from the slope of plots of surface coverage versus exposure.
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RESULTS

As discussed elsewhere[4], XPS analyses of the Cd and Te 3ds5/3 peaks
for adapecies on the various substrates led to the identification of three
distinet binding energies for each peak. As an example, Figure 2 shows Cd
3d5/2 spectra for the S1(100) 2x1 surface exposed to DMCd at 133 K. The
initial exposure produces a peak at 404.6 eV (FWHM = 2.0 V) which
corresponds well with Cd metal. At higher exposures, the spectrum is
dominated by a monomethyl Cd (MMCd) peak at 405.2 eV. The details of how
this surface reaction product distribution evolves with DMCd exposure are
shown in Figure 3 where Cd adspecies coverage iz plotted against DMCd
exposure. From the slope of this plot, the reactive sticking coefficient
of DMCd is found to be ~0.1 for the indicated conditions. Under similar
conditions, DMTe is found to adsorb as the dimethyl and metal adspecies
with Te metal representing a relatively minor component. The reactive
sticking coefficient of DMTe on the Si(100) 2x1 surface was found to be
~0.5 at 133 K. Interestingly, while the saturation surface coverage for
the Cd-adspecies at 133 K is ~0.7 monolayers, multilayer DMTe coverages
may be produced.

Table 1 summarizes the adspecies which have been observed on the
various substrates at 295 K[4] and 133 K. Where multiple adspecies are
observed, the dominant species at high coverage/exposure is listed first.
As indicated, measurements for Si0; and Au at 133 K are currently in
progress. The measurements of DNTe adsorption on Si and Si0; at 295 K
showed very limited uptake. This was originally attributed to a low DMTe
sticking coefficient, but we are currently investigating the possibility
that the DMTe used in the original measurements was contaminated by
decomposition products.

Upon irradiation by 193 nm photons, no effect was observed for either
the Cd or the Te metal adspecies. For the monomethyl adspecies,some
desorption (<50%) but no conversion to the metal was observed. For the
dimethyl adspecies, conversion to the metal adspecies (~25% to 75%) and
some desorption (<23X%) were observed. The DMTe adspecies formed on Si and
GaAs at 133 K were found to dissociate to metal adspecies with 248 nm
photons. Studies using this wavelength have not been extended to other
adspeciea.

T T T T T T T 1
Cd3d XPS a for v T
DMCdonSaﬂg;)g:I at 133K 1 Wl mcasmsmen ams |
) 1
\‘ wl ]
[ 1 %
J _-’ ., R
- :
() J (13 (-l
| ] 4 .
2k p
- ] .
ogilz::; i
IPEN VR SR S U S S 1 L s ¢
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Binding Energy (eV)

Figure 2. Cd 3ds,2 XPS spectra for Figure 3. Plot of Cd adspecies

the 8£(100) 2x1 surface exposed at surface coverage versus DNCd

133 K to a) 5 x 1014 ca~2 and exposurs for the $1(100) 2x1
b) 6 x 1015 ca~2 DMCA molecules. surface at 133 XK.



Table 1: Summary of Observed Adspecies®

Cd-Adspecies Te-Adspecies
Substrate 133 K 295 K 133 K 295 K
$1(100) MMCd + Cd MMCd  DHTe + Te NDE
GaAs (100) MMCd MMCd  DMTe + Te MMTe
$i0; NAP DMCd  NAD NDS
Au NAD cd NAP Te + DMTe

8pominant species at high coverage/exposure listed first.
bNA = not available, measurement in progress
SND = no adspecies detected

wowm

The effects of photon irradiation on the dimethyl-adspecies is
illustrated in Figure 4.[5] The lower spectrum shows the Te 3ds5;y XPS
peak for Au exposed to DMTe at 295 K. The total adspecies coverage
represented here corresponds to about 0.5 monolayers which is distributed
between the metal(~60%) and dimethyl (~40%) peaks. The upper spectrum
shows the effects of laser irradiation. Here it may be seen that ~80%
of the dimethyl adspecies was converted to metal, ~5% was desorbed, and
~15% remained on the surface after irradiation. Further irradiation by
an additional 5000 pulses did not eliminate the residual dimethyl
adspecies.

AN I A SRS St B |

Te 3d,,2XPS Spectra for DMTe on Au

Atter Exposure 10
193 nm Photons :
(8000 pulees, 0.26mJ cm™")
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Adsoecws Formed by
Adsorptron at 298K
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Figure 4. Te 3ds5;j XPS spectrum for DMTe adspecies on Au (a) before and

(b) after irradiation by 5000 pulses of 193 nm laser light at 0.25 mJ cm~2

per pulse. Each spectrum has been resolved into metal (572.6 eV) and a

dimethyl (573.6 eV) peaks. The low intensity peak at 574.8 eV is an X-ray
_ satellite associated with the Te 3dj;; peak.
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DISCUSSION

The thermal surface chemistry of DMCd and DMTe appears to be quite
diverse. Disregarding the minor channel to form metal adspecies on Si and
GaAs at 133 K (probably due to defect sites), DMCd appears to be more
reactive than DMTe. Simple thermodynamic considerations might argue that
this trend is due to the relatively weak average Cd-carbon bond stremgth,
36.2 kcal mole[7] compared to 57.5 kcal mole™l for DMTe{9]. On the other
hand, substrate-metal bond strengths are probably stronger for Te than for
Cd. Furthermore, the increased propensity for dissociation as the
substrate changes from insulator to conductor does not follow any simple
thermodynamic argument. We intend to pursue studies on single crystal
quartz and gold substrates as well as n-doped semiconductors to further
investigate this trend.

The photochemistry results are important for several reasons. First
they demonstrate that species present on the surface in the dimethyl
chemical state can be photodissociated. This finding is critical to the
success of any CdTe deposition process based on laser induced surface
chemistry of DMCd and DMTe. Studies now in progress will provide
additional insight into the nature of these photon-assisted processes.
Second, the photochemistry results also demonstrate clear differences in
the behavior of the surface species we have assigned as dimethyl-,
monomethyl-, and metal-adspecies. Further, the observed differences in
behavior are the same for each metal alkyl. Thus, as a secondary result,
the observed photochemistry helps to corroborate the peak assignments made
on the basis of ligand shifts and bulk standards. In future work, we will
add additional corroborating evidence obtained from thermal desorption
measurements.
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ArF LASER-INDUCED CHEMICAL-VAPOR DEPOSITION OF TUNGSTEN
FOR GATE ELECTRODES

H. Matsuhashi, S. Nishikawa, and S. Ohno
Semiconductor Technology Laboratory, OKI Electric Industry Co., Ltd.,
550-5 Higashiasakawa-cho, Hachioji-shi, Tokyo 193, Japan

ABSTRACT

The deposition of W films by ArF laser-induced chemical-vapor deposition
(LCVD) was investigated as a function of incident laser power, WF; and H,
partial pressures, and substrate temperature. The deposition of W films by
LCVD is discussed dividing that into two parts, thermal CVD (TCVD) and photon
assisted CVD (P,CVD). The rate of P,CVD has been defined as the difference
between the rates with and without laser irradiation. The reaction orders for
P,CVD are 1, O with respect to WF, and H, partial pressures, respectively, and
the rate linearly increases with increase in laser repetition rate. The
activation energy in P,CVD is 0.17 eV. These facts indicate that, in LCVD,
P,CVD takes place independently of TCVD and that the deposition rate in P,CVD
is determined by the formation of F radicals in the dissociation of WF,
molecules by laser irradiation.

MOS capacitors with [LCVD-W gates were fabricated and their
characteristics were compared with those with sputtered-W gates. It was shown
that the level of contamination due to mobile ions in the capacitor with the
LCVD-W gate was extremely low.

INTRODUCTION

Tungsten is an attractive alternative to poly-S5i or polycide for VLSI CMOS
gates because of its low resistivity and near midgap workfunction. To realize
W gate CMOS VLSIs, it is important to establish the method for depositing W
films on Si0, without damage. The CVD method has several advantages including
no damage, low contamination and low resistivity. In the usual thermal CVD
(TCVD), W film is selectively deposited on Si, but not on Si0,, at tempera-
tures around 400 °C. To deposit W film nonselectively, ArF laser-induced CVD
(ICVD) using WFs and H, gases has been studied by several authors [1-2].
However, the reaction mechanism of deposition of W film in LCVD has not been
fully understood. In order to make this method applicable to device fabrica-
tion, a deeper understanding of the reaction mechanism is quite important.

The purpose of this study is to examine the reaction mechanism of deposi-
tion of W film in LCVD using WF, and H, gases in comparison with that in TCVD.
The characteristics of MOS capacitors with LCVD-W gates were also studied.

EXPERIMENTAL

Tungsten films were deposited on Si or SiQ, using WF,, M, and Ar gases by
ArF laser induced CVD. The ArF excimer laser was operated typically at 50 Kz
and 150 mJ/pulse and the laser beam (22 x 8 mm) was passed 10 mm above the
wafer. The wafer was heated in the range from 200 to 400 °C. The gas flow
rates of WF,, H, and Ar were 0 ~ 30, 0 ~ 700, and 400 sccm,respectively. In
these experiments, except for MOS capacitor fabrication, W was deposited on Si
because W film is not deposited on SiO, in TCVD, which was used to compare
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with LCVD.

MOS capacitors with W gates were fabricated using (100) oriented p-type
silicon wafers (3 Q-cm). After gate oxidation, W films about 300 nm-thick
were deposited by ICVD or sputtering. Sputtered-W was deposited using a
target whose purity is 99.9952. For preventing contamination from photo-
resist, silicate glass and phospho-silicate glass whose thicknesses were both
about 100 nm were deposited onto W films. Then these samples were annealed at
high temperatures. W gate electrodes were patterned by dry etching and the
photo-resist was removed by plasma ashing. Finally these samples were anneal-
ed in N, at 500 °C for 30 min (3]. The characteristics of MOS capacitors were
evaluated by C-V, I-V and triangular voltage sweep (TVS) [4] methods.

RESULTS and DISCUSSION

Reaction mechanism of deposition of W film in ArF laser induced CVD

Fig.1 shows the distribution of W filme thickness over a substrate across
the laser beam deposited with and without laser irradiation. The abscissa
indicates the Jlateral distance from the center of laser beam. In TCVD
(without laser irradiation), the distribution is almost uniform over a
sobstrate. On the other hand, in LCVD, the distribution has a peak under the
laser beam. We observed (5] similar distributions in the case of the SiN
deposition by LCVD, except that the thickness approaches zero far from the
laser beam. We concluded that the peaklike distribution is due to the
diffusion of radicals formed in the laser beam. In the W depositiomn by LCVD,
TCVD also occurs. Here we consider the difference between the distribution
of W film thickness with and without laser irradiation. This difference is
considered as the net contribution of the deposition due to radicals and/or

activated atoms formed in the laser
beam,which is defiped as P,CVD shown

~4.0 in Fig.l. This is true if no inter-
Laser Beam (22 x 8mm) ferences between TCVD and PLCVD exist
Ts 300°C as discussed later.
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Fig.2 shows the dependence of
the deposition rate of W film (rp)
in P,CVD on the repetition rate
(R) and by keeping the beam energy
(E) at 150 mJ/pulse. r, has been
defined as the difference between
deposition rates beneath the
center of laser beam with and
without laser irradiation. With
increasing repetition rate, r,
increases linearly.

Fig.3 shows the deposition
rates of W films in TCVD and P,CVD
(rr and r, respectively) as a
function of the H, partial
pressure (Py,). During these
depositions, the WF; partial
pressure (P,ry) was constant. r,
depends on a square root of Py,.
At the lower P,, region, r.
increases linearly with P,,. In
this region, the H, supply is
insufficient and r; is controlled
by H, mass transport. On the
other hand, r, was independent of
Pu,. The reaction order with
respect to Py, for TCVD and P,CVD
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are thus determined to be 1/2 and 0, respectively.

Fig.4 shows r; and r, as a function of Pwrg, where P,, was maintained
constant. r; is independent of Py.,.

On the other hand, r, increases
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linearly with Puses. The reaction orders with respect to Pwrs for TCVD and
P,CVD are thus determined to be 0 and 1, respectively.

Fig.5 shows the Arrhenius plots for r: and r, in the range of substrate
temperature (Ts) from 200 °C to 400 °C. The activation energies in TCVD and
P,CVD are estimated to be 0.77 eV and 0.17 eV, respectively. The former value
is almost the same as those estimated by others [6-8]. On the other hand, the
latter value is much smaller than those in TCVD. These facts suggest that r,
is controlled by gas phase reaction. At 400 °C, the value of r, is smaller
than the expected value. It is considered that, at 400 °C, the WFy supply is
insufficient and the reaction mechanism is a little different from that at the
substrate temperature lower than 350 °C.

In summary of the results, when the H, and WF; supplies are sufficient,
the experimentally determined rate equations for P,CVD and TCVD can be
expressed as

rr = Ky Puz '/? Pupe ° m

rp kp(E) Py, ° Pure ' R . (2)
where k; and kq(E) are rate constants for TCVD and P,CVD, respectively.

Equation (1) agrees with those reported by others [6-7]. The reaction
mechanism of deposition of W film in TCVD has been reported zs follows [6].
H, molecules are adsorbed on the surface of W and then these adsorbed H,
molecules dissociate to adsorbed H atoms. Next, these adsorbed H atoms react
with adsorbed WF; molecules, producing metal W. These phenomena can be
expressed as

H, » H, aa) (3)
/2 H, (aar * H (aay (4)
WFg (aqy + 6 H (aay » W+ 6 HF (&)

Bryant [6] has reported that, in these reactions, the dissociation of adsorbed
H, molecules is the rate-limiting step.

Although TCVD involves no gas nhase reaction, LCVD invelves the gas phase
dissociation, which results in excited atoms and molecular radicals, in
addition to the surface reaction. This dissociation process in the gas phase
is considered as follows. Photons from laser irradiation, photon dissociate
WF, molecules into WFx radicals and F atoms. These F atoms react in the gas
phase with H, molecules and produce H atoms. These gas phase phenomena can be
expressed as

WF, + hy » WFx + (6-X) F (6)
F+H, HF + H %)

The H atoms are then adsorbed on the surface of W and react with adsorbed WF,
molecules, producing metal W.

HH .4, (8)
WFs (agy * 6 H (4a) + W+ 6HF (9)

In LCVD, it is supposed that reactions (3) to (5) take place in addition
to reactions (6) to (9) simultaneously. We consider that reactions (6) to (9)
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are operative in P,CVD defined before. It is a question whether these two
deposition paths, TCVD and P,.CVD, take place independently. For example, i€
adsorbed H atoms increase by reaction (8) so that the reverse reaction of (4)
becomes predominant, the rate of TCVD may decrease. Another possibility is
that reaction (6; occurs intensively near the laser beam, as a result, Pygg
decreases locallv and the rate of TCVD decreases. However the following
considerations may exclude the former possibilities. First, the duration time
of the laser irradiation (about 20 nsec) is much shorter than the repetition
period of the laser pulse (about 20 msec) and the related reactions may cease
in the interval less than a few msec after the laser irradiation as in the
case of SiN deposition [5]. Second, the increase in deposition rate by the
laser irradiation is the same as, or smaller than, r, under our experimental
conditions, so that the increase of adsorbed H atoms by reaction (8) may be
too small to affect reaction (4).

Here we assume that r, is determined by the formation of F atoms in the
dissociation of WF, molecules by laser irradiation and that almost all the F
atoms produced by laser irradiation react with H, because the number of H,
molecules are much larger than those of F atoms. Thus, it is clear that r;
depends linearly on Purs and the incident laser power (R+E) because F atoms
formed in the dissociation of WF; molecules by laser irradiation increase
linearly with the absorbed laser power by WF,; molecules. The rate equation
would be

rp' = kpl pH: o PHFs 'RE (]0)

This result is in agreement with experimentally determined rate equation
(2). 1In this experiment, the dependence of rp on E was not studied. However
the linear dependence of r. on E is expected from this equation.

Furthermore, as the r, is controlled by reaction (6) in the gas phase, ry
is independent of the substrate temperature. Consequently, the activation
energy seems to be very small. It is also in good agreement with the fact
that the activation energy in P,CVD is very small (0.17 eV).

In previous reports [1-2], the reaction order and activation energy were
determined for the rate of LCVD of tungsten, which is equal to re+r: in our
notations. Their experimental conditions are quite similar to ours, where rp
is the same as, or smaller than, r.. In such situations, to understand the
deposition mechanism of LCVD, it is essential to divide the rate of LCVD into
rr and ry as discussed above.

MOS characteristics

We have reported [9] that in LCVD the intrinsic stress of W films can be
controlled from a large tensile to a small compressive stress by selecting the
H,/WF, gas flow ratio. W films with low intrinsic stress less than 4X10°
dyne/cm* are reproducibly deposited on 5i0, without peeling.

Using W film having low intrinsic stress, MOS capacitors with LCVD-W
gates were fabricated and the characteristics were compared with those with
sputtered-W gates. The typical characteristics of the LCVD-W MOS capacitors
are shown in Table | as compared with the sputtered-W ones. The flatband
voltage of the LCVD-W capacitors is a little higher than those with sputtered-
W gates as a result of the higher work function of LCVD-W compared with
sputtered-W. The work functions of LCVD-W and sputtered-W annealed at 900 °C
were found to be 5.0 eV and 4.9 eV, respectively. The maximum breakdown
fields (E.), the fixed charge density (N,) and the interface state density at
midgap (D,.) of the LCVD-W capacitors are almost the same as the sputtered-W

e




Table | Comparison of characteristics ones. It was found that the
of MOS capacitors with LCVD-W mobile ion density (D;..) of
and sputtered-¥ gates. the LCVD-W capacitors is

below the detection limit of

- - the TVS method. The mobile

LOvD-H Sout tered-¥ ion density of the LCVD-W

Ve (V] 0.1 - 0.04 capacitors is one order of
Ea [MV/cm] 1 n magnitude smaller than that
2 10 10 of the sputtered-W

N [cn™] 1.6x10 8. 1x10 capacitors. These results

Die [evi'em*]| < 1.0x10'° 4.7x10'° indicate that highly

Dion [on7?] < 5.0x10° 3.1x10*° purified W films can more

easily be obtained by LCVD
THIOOESS OF GATE OXIDE : 22nm than by sputtering.

ANNEALING CONDITIONS : S00C - 30min

CONCLUSION

In ArF excimer laser CVD (LCVD) of W films, there are two deposition
paths TCVD and P.CVD. The reaction orders for P,CVD are 1,0 with respect to
WF; and H, partial pressures, respectively, and the rate linearly increases
with increase in laser repetition rate. The activation energy in P,CVD is
0.17 ev. These results indicate that, in LCVD, P,CVD takes place
independently of TCVD and that the deposition rate in P,CVD is determined by
the formation of F atoms in the dissociation of WF, molecules by laser
irradiation.

The characteristics of the MOS capacitors with LCVD-W gates are almost
the same as those with sputtered-W gates. The level of contamination due to
nmobile ions in the LCVD-W gate MOS capacitor is much lower than that with the
sputtered-W gate. These results indicate that LCVD-W is a promising material
for the gate electrode for future VLSI.
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MECHANISTIC STUDY OF LASER CHEMICAL VAPOR DEPOSITION OF TRIMETHYLINDIUM

MASAHIRO KAWASAKI, KAZUO KASATANI * ,AKIHIKO SATO * , HIROYASU SATO °*
and NOBUYUKI NISHI+*
Research Institute of Applied Electricity, Hokkaido University, N2W6, Sapporo
060, Japan
*Chemistry Department of Resources, Mi'e University, Tsu 514, Japan
*#*Institute for Molecular Science, Ckazaki 444, Japan

Laser photodissociation of trimethylindium on a quartz substrate has been
studied by the laser-induced fluorescence and photofragment mass-spectrometric
techniques. Translational energy distributions of photofragments are measured.

1. Introduction

Nonthermal photochemistry of organic and inorganic compounds adsorbed on
substrates is induced by photon irradiation and leads to processes different
from those observed in the gas phase. Photodissociation of monolayers on
substrates has been reported for Cl. CH;Cl[1], CHsBr,, H.SI[2],
trimethylaluminum{3], and trimethylgallium{4]. In the photodissociation of
trimethylgallium on the substrate at room temperature, Ga atoms were detected by
the laser-induced fluorescence (LIF) technique[4]. In the gas phase,
organometallic compounds absorb UV photons at < 200 nm, resulting in
dissociation into methyl radicals and other fragments. In order to understand
the nature of how photon/adsorbate interactions change in different environments,
our study investigates the UV photodissociation of molecules which have been
deposited as a monolayer or as multilayers (solid) on a substrate.

2. Experimental
2.1 Laser-Induced-Fluorescence Measurements of Photoejected Metal Atoms.
Figure 1 shows the schematic drawing of the essential part of our experimen-
tal apparatus{4]. Briefly, a quartz substrate was dosed with a pulsed molecular
beam of trimethylindium (TMIn) seeded in He. Photolysis was performed with
either a KrF excimer laser or the third or forth hamonics of a YAG laser (355 or
266nm, respectively). Indium atoms are produced by a two-photon process.
After avariable time delay, the probe laser light from a dye laser pumped by an
excimer laser traversed the space above the substrate at a certain distance, ¢
(in our case, ¢ =1 mm). Metal atoms in their ground state were detected by
LIF through a monochromator with a gated MCP photomultiplier tube.

2.2 Time-of-Flight Measurements of Photoejected Radicals

The experimental apparatus[5] is schematically drawn in Fig. 2. Two
chambers for reaction and detection were differentially pumped by turbomolecular
pumps. The quartz substrate was cooled to 100 K, after which the sample
molecules, TMIn, were deposited through a capillary tube until the molecules
formed multilayers on the substrate. An ArF excimer laser (193 nm) was used to
irradiate the molecules on the substrate. Radicals ejected from the substrate
were detected by a quadrupole mass spectrometer with an electron bombardment
ionizer.
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3. Results

3.1 Laser-Induced Fluorescence Measurement of Photoejected Indium Atoms
First, the degandence of LIF intensity on the substratc temperature was
studied. The LIF intensity of metal atoms decreased with increasing the
temperature. This phenomenon can be explained as follows; the desorption rate
of T™In is expected to be higher at higher substrate temperature. Thus, fewer
parent molecules remain before photolysis at higher substrate temperature. We
simulated the dependence of surface coverage on substrate temperature assuming
several values of activation energies for desorption. It was found that the
activation energy of less than one kJ mol ' could explain the temperature
dependence of the LIF intensity for photoejection of indium. Therefore, the

adsorption of ™In on the substrate is thought to be physical adsorption.

Next, the translational energy distribution of metal atoms was studied.
Time-of-flight (TOF) spectra of In atoms were obtained by scanning the delay
time between the photolysis laser and the LIF probe laser. In the analysis of
the ToFspectra we simulated the TOF distributions assuming a Maxwell-Boltzmann
translational energy distribution for In atoms. In this calculation, the
distribution of flight lengths, the angular distribution of metal atoms, and the
response function of the detection system were taken into account.

The TOF function is given as,

P(t) = T wlg) expl -m( g/t )2/2kT] (¢3/t%) de (1)

where w( ¢) is a distribution function of the flight length. Figure 3 shows
aTOF spectrum of In atoms produced upon photodissociation of TMIn at 248 nm or
193 nm and also the simulated one after deconvolution of Eq.(1) for the response
function of our apparatus.

Figure 3 indicates the uniform angular distribution of fast In atoms and
that the translational temperature of fast In atoms was estimated to be 3000 K.
The relatively large translational energy of metal atoms means that the
photodissociation of adsorbed ™in is so fast that there is little time for the
available energy to randomize among the molecular vibrational modes of fragments,

3.2 Mass Spectroscopic Measurement of Photoejected CH; Radicals

When the 193 nm laser light irradiated T™MIn deposited on a quartz plate
cooled to 100 K, CH, radicals were detected by the mass spectrometer. The TOF
spectrum is given in Fig. 4 where a fast and a slow signal peak is observed.
The threshold TOF is observed at 25 4 s and the spectrum peaks at 70 4 g for
the fast component and at 270, s for the slow one. This bimodal distribution
is typicalof photodissociation of molecular solids. The TOF spectrum of CH,
radicals is converted to the translational energy distribution as given in Fig.
5 , in which signal intensity peaks toward zero translational energy in
addition to the high energy component.

The high-energy component in the TOF spectrum is attributable to the
direct dissociationof the topmost layer of ™in,
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In(CHs)o/multilayer — In(CHs)S/multilayer — CHy .

In the direct photodissociation process, the fastest CH; radicals can
carry all the excess energy as the translational energy. The maximum
transiational energy is given by,

E ., (max) = fiw - D, - AE ... (2)

where A E,,, is the difference in adsorption energies between TMIn and CH,
The observed E, ( max ) of (73!f-'5kcal/mol) is in fair agreement with the

calculated value of 101 kcal/mol obtained from 4 « = 148 and D, = 47 kcal/mol

using Eq. (2) .

AE ,,, could be large in this case because T™MIn is adsorbed by interaction

between the substrate and the In atom while the leaving CH, interacts weakly

with the substrate through the carbon or hydrogen atoms.

Concerning the low-energy component, Higashi(3] has stated in his report on
photodissociation of trimethylaluminum monolayers that the dissociative
transition of monolayered molecules is not direct since so little energy is
imparted tothe ejected methyl radicals.These subthermal desorption
distributions have been observed in the past in thermal desorption
experiments{7].

The TOF spectra have a rather wide width in Fig. 4. The FWHM is as wide
as 100 g s. This wide distribution reflects rapid energy flow among the
oscillators of molecular solids and the lattice model of the substrate. Lin
and his co-workers[6] have developed a theoretical model for photodesorption
using transition state theory,

PEE )= 2 (I/2KT)*2x E, '"* exp( - E, / kT) . (3)

The smooth curves through the experimental traces of Fig. 5 are best fits to com
posites of two Maxwell-Boltzmann distributions as given above. Thus, the
surface photodissociation competes with relaxation of electronic energy to
the substrate lattice modes.
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PHOTOCHEMICAL VAPOR DEPOSITION OF ALUMINUM THIN FILMS

* * * : 4
MITSUGU HANABUSA , AKIRA OIKAWA , PENG YING CAI , SHIGEO FURUNO* AND
SATOSHI TGUCHI™
*onohashi University of Technology, Tenpaku, Toychashi 440, Japan
Toyota Motor Corporation, Higashifuji Technical Center, 1200 Mishuku,
Susono-shi, Shizuoka 410-11, Japan

ABSTRACT

Using dimethylaluminum hydride as the source gas and an Arf laser as the
light source, aluminum thin films with low electrical conductivity were
deposited via photochemical reactions. To emphasize surface reactions, vapor
pressure was kept low with a t¥pical value of 6.7x10~3 Pa, The laser energy
density was typically 23 mJ/cmc per pulse. The deposition rate of aluminum
films became reasonably high above a substrate temperature of 90 "C and
increased thereafter with substrate temperature. The electrical resistivity
was about four times greater than the bulk aluminum value. A strongly non-
Jinear dependence of the deposition rates on laser energy density was ob-
served. The incremental change in thickness per pulse increased with the
inverse of the pulse repetition rate, which indicated, together with area
selectivity, the importance of surface photolysis of absorbed molecules.

INTROOUCTION

Last year in this conference, the interesting results of photochemical
vapor deposition (photo-CVD) of aluminum thin films were reported using a new
source gas of dimeth¥1a]uminum hydride (DMA]H),1 and subsequently they were
published elsewhere,~ It was shown then that DMAIH was a promising source
gas for photo-CVD of aluminum films as an alternative to such traditionally
used gases as trimethylaluminum (TMA) or tri-isobutylaluminum (TIBA). For
successful application of photoinduced processes to deposition of metal thin
films of high quality at low temperature, the choice of source gases and
Tight sources is critically important. In the works cited above, the goal
was to draw fine aluminum Tines with focused UV beams with high electrical
conductivity, and either 257-nm or 275-nm beams generated by argon-ion lasers
were used as the light source. However, since the source gas showed strong
absorption only below 220 nm,2 light with shorter wavelengths should be more
adequate. With such light sources, adeguateness of this new source gas for
the wider use in photo-CVD of aluminum films can be examined.

For the reason described above we carried out an exgeriment using a
deuterium lamp and DMAIH to deposit aluminum thin films.® The lamp generates
UV light with two broad peaks near 160 nm and 240 nm, and the vacuum ultra-
violet (VUV) should be particularly suitable for photolysis of DMAIH. At
substrate temperatures above about 130 °C, deposition rates became large with
a typical value of 20 nm/min at 200 °C. The temperature required for photo-
deposition was lower than that for thermal decomposition (about 250 °C). The
electrical resistivity varied with substrate temperature only weakly, and it
was 6.2 pR-cm for a film deposited at 27 °C, The film can be produced at
the same temperature without irradiation, even though the deposition rate was
about one third of what was obtained with irradiation. However, the elec-
trical resistivity was much higher (140 pQ.cm) for the thermally produced
film than the value for the film produced with the photo-assisted process.
Light helps not only to enhance deposition, but also to improve the elec-
trical property of the deposits.

The results to be described in the present paper were obtained as an
extension of the previous work with a different UV 1ight source, namely, an
ArfF excimer laser (193 nm). The use of the laser was of great interest; then v
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the reaction mechanism responsible for deposition via photolysis of DMATH
might be understood better by comparison of the results obtained with
different light sources. Also, while deposition with the deuterium lamp is
suitable for production of large-area films, patterned aluminum films can be
obtained with the excimer laser via pattern transfer from masks, The present
work was intended partly as a preparation for such a work to be carried out

in the near future.

EXPERIMENTAL

In the present work, as well as in the previous one performed with the
deuterium lamp, the vapor pressure was kept low deliberately. This was done
so because surface reactions, rather than gas-phase reactions, were to be
emphasized. For selective-area deposition gas-phase reactions are not
desirable., Also, the quartz window used to introduce 1light into the reaction R
cell was expected to be kept free from the coverage of unwanted deposits at
low pressures. The vapor pressure was 6.7x10"3 Pa unless specified other-
wise,

The experimental arrangement used in the present experiment is shown in
Fig. 1. The rectangular laser beam was shaped into a size of 4x8 mm with the
help of a cylindrical lens. Ths substrate was irradiated perpendicularly.
The energy density was 23 mJ/cm® per pulse unless specified otherwise. The
window was contaminated gradually, so that it was cleaned occasionally to
restore transparency.

The source gas was synthesized by a thermal reaction of (CH3)2AI1C1 and
NaH and provided for this work by Toyo Stauffer Chemical Company.

The reaction cell was made of a stainless steel tube with a diameter of
100 mm and a height of 180 mm, It was evacuated by a turbomolecular pump.
Back pressure was about 2x10-4 Pa. The source gas was introduced through a
nozzle directed toward the substrate and separated from it about 10 mm. No
carrier gas was used.

The substrate was n-doped, single-crystal silicon wafer, which was
etched in buffered HF for 2 min, cleaned ultrasonically in methanol for 10
min, and then blown dry with N2 prior to loading into the cell. Substrate
temperature was controlled by an electric heater.

ArF
laser valve
——DMALH
reaction cell
cylindrical
lens
:::::::::::::{]E:: heater
i jonization
mirror J substrate vagam
window gauge
gate
valve

yn
vacuum purmp

Fig. 1. Experimental arrangement used for photo-CVD of aluminum films
using an Arf laser.
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RESULTS AND DISCUSSIONS

Figure 2 shows the dependence of deposition rates, defined as the
increase in thickness per pulse, on substrate temperature for the photo-
deposited aluminum thin films. Below 90 °C deposition occurred too slowly
to be significant for the practical application. Near 250 °C deposits were
recognized even outside the irradiated area because of the thermal reaction.
At lower temperatures deposition took place only in the irradiated area. The
observed area-selectivity confirmed the importance of surface reactions.

The electrical resistivity of the photodeposited films was measured as
a function of substrate temperature (Fig. 3). The values were about four
times higher than the bulk value of 2.7 ulecm. They were about the same
magnitude as those obtained from photo-CVD with the deuterium lamp.

In the case of the lamp irradiation, the growth rates were almost
independent of the light power density above a certain level. A nonlinear
dependence on pulse energy density was also observed in the present case, as
shown in Fig. 4. After the initial rapid increase, the deposition rate
became nearly constant above 5 mJ/pulse. As for the dependence of deposi-
tion rates on vapor pressure, we observed a linear behavior (up to 9x10-3 Pa),
as was the case with the deuterium lamp. The surface of the deposited films
was rough, as evidenced on scanning electron microscopic pictures by spatial
irreqularity with the average size of a few tenths of a micrometer.

Finally, we show the result obtained when the pulse repetition rate was
changed, as shown in Fig. 5. This was observed at 200 °C. Note that if
gas-phase reactions are important, the deposition rate defined as above
should be independent of the repetition rate. On the other hand, the general
trend can be expressed well by a solid curve shown in Fig. 5, which takes the
functional form of [] - exp(-t/r)]. where t is the inverse of repetition
rate, or the time interval between two pulses. This kind of time dependence
is expected for the temporal increase of adsorbed molecules with an average
lifetime of 1. The deposition rate is then given by the probability of
photolysis per molecule times the number of adsorbed molecules. To fit the
experimental points, the value of T should be about 0.22s. The observed
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temperature dependence can be accounted for if the probability
photolysis increases with temperature, as postulated elsewhere.
a further study is required before a definite conclusion is drawn.

Fig. 3.

Fig. 4.
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CONCLUSION

Aluminum thin films with their electrical resistivity about four times
the bulk value could be produced via photo-CVD using DMATH at temperatures
lower than possible wiﬁh thermal reactions. The vapor pressure was chosen
low (typically 6.7x107° Pa)., Then, surface reactions became more important
than gas-phase reactions, as evidenced by area selectivity and the pulse-
interval dependence of deposition rates.
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TUNABLE UV LASER PHOTOLYSIS OF ORGANOMETALLIC COMPOUNDS
WITH PRODUCT DETECTION BY LASER MASS SPECTROSCOPY
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Max-Planck-Institut fiir biophysikalische Chemie, P.0.2841, D-3400 Géottingen,
F. R. Germany

ABSTRACT

We use tunable UV laser light in the region 200-320 nm, produced by frequency doubling the
output of a dye laser for the decomposition of organometallic compounds. This method has been
applied to TMA, trimethylaluminum AI(CH3)3. Only theTMA monomer absorbs UV light for
2>220nm. TMA decomposes by one-photon absorption mainly into two channels: aluminum plus
ciganic fragments and aluminummonomethyl plus organic fragments. The ratio [AI)/JAICH3) is
wavelength dependent. Finally, we present a mechanism to explain the photolysis of trimethyl
compounds of group III elements (AL,Ga,In).

INTRODUCTION
How do organometallics interact with UV laser light ?

Metalorganic compounds play an important role in the chemical vapour deposition (CVD) and
Laser-CVD. A better understanding of the photolysis of these compounds is essential to optimize
the deposition rate and the purity of the deposited metal film, among other important parameters,
for practical purposes. We use laser mass spectroscopy for the detection and identification of
neutral photoproducts.

ABSORPTION SPECTRUM OF TMA

The absorption spectrum of TMA is shown in Fig.1. The structureless spectrum points to a
dissociative continuum of TMA in the far UV region. The cross section begins to rise at about 250
nm till 220 nm, where a new channel seems to open. The cross section is pressure dependent due
1o dimer formation. For a given temperature the monomer / dimer ratio strongly depends on the
pressure (Fig.2) [1]. For example, at room temperature the monomer fraction in TMA amounts to
only 4% at p=1Torr while it amounts to 33% at p=0.01Torr (compare Fig.2), i.e. by decreasing

Matl. Res. Soc. Symp. Proc. Vol. 129. - 1989 Materials Resesrch Society
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Fig.1: UV absorption spectrum of
TMA for a pressure of 0.01 Torr
and 1 Torr, respectively.

Fig.2: Pressure dependence of the
monomer concentration in TMA for
a temperature of 295 K and 73K
(the curves were calculated by
using the equilibrium constant
given in Ref.1).

Fig.3: Ratio of the UV absorption
cross sections for a pressure of
001 Torr and | Torr as a function
of the wavelength. The cross
section for 0.01 Torr is plotted for
comparison.
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the pressure between these two values the monomer fraction is multiplied by a factor 8. For
2>220nm only the monomer absorbs. This can be seen from Fig.3, where the ratio of the cross
sections at p=0.01Torr and p=1Torr is plotted versus laser wavelength, showing an asymptotic
approach to the predicted value (0.01 Torr)/ o(1Torr) =8 .

EXPERIMENTAL SETUP

A detailed description of the experimental setup can be found in [2]. The excimer laser is
replaced by a tunable UV laser light source to photolyse the investigated compounds. Tunable
UV output is generated by frequency doubling (SHG) the output of a XeCl excimer laser pumped
dye laser in a p-bariumborate crystal (BBO). With this arrangement it is possible to tune the
photolysis laser wavelength between 205 and 320nm [3). Moreover, one can cover the range
200-207nm by sum frequency generation (SFG) [3]. We use a weakly focussed KrF excimer
laser (A=248nm) to detect the photoproducts by non-resonant two-photon ijonization similar to the
detection of GaCH3 as a photoproduct of trimethylgallium described earlier [4]. Altematively,
photoproducts can be detected by resonant multiphoton ionization (REMPI). Applying this
technique, it was shown [S] that AICH3 is a photoproduct of TMA.

The data presented here were obtained by éxposing TMA molecules (Alfa Ventron) in the
ionization region of the laser time-of-flight mass spectrometer to the UV laser light source
described above. Then, after a time delay of 200ns, the neutral photoproducts were ionized by a
KrF laser.

RESULTS

Typical time-of-flight mass spectra of TMA at A=193nm (ArF) can be seen in Fig.4. Ions
generated by the photolysis laser alone (top trace) are Alt and AI(CH3)2™. The detection laser
(KrF) alone generates only a small amount of Al* (bottom trace). If the detection laser is
triggered after a suitable delay of At=0.2us with respect to the photolysis laser, the mass
spectrum shown in the middle trace is obtained. In addition to the ions from the top trace,
AICH3* and Alt ions are detected, due to the corresponding neutral species. Other
photoproducts were not found. The enhancement of the Al* and AICH3* peaks with respect to
the bottom line is a measure of the relative amount of the corresponding neutral fragments
produced by the photolysis laser. Since the energy of the photolysis laser is wavelength
dependent, one has to divide the above mentioned enhancement by the pulse energy to derive the
yield Y of a photoproduct. Measurements reported here show a linear dependence of the Al and
AICH3 signals upon the laser energy, a fact, which strongly suggests that TMA decomposes by a
one-photon process. The obtained yields Y(Al ) and Y(AICH3) are shown in Fig.5 as a function
of the photolysis laser wavelength. The threshold for Al production is at about 255nm, whereas
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the AICH3 yield has its onset at 230nm. The latter channel becomes even dominant below
A=215nm. It should be further mentioned that, since the ionization probabilities of Al and AICH3
are different, the ratio of both yields depends on the experimental conditions.

An important issue is whether there is any correlation between the yields Y(Al), Y(AICH3)
and the absorption spectrum of TMA. Therefore, we calculate the quantum yield @x := Ny/N,
where x stands for Al or AICH3, N is the number of photons in the x-channel and N is the total
number of absorbed photons. From the proportionalities Yx~Nyx and A(A)~N, for the absorption
cocefficient A being much smaller than 1,follows &x~Yx/A.

In Fig. 6 we have plotted @ against the wavelength of the photolysis laser. One sees that the
quantum yield for Al production remains constant between 220 and 260nm. This means that
absorption of a UV photon leads in this interval predominantly to the decomposition of TMA into
aluminum and organic fragments. Below 230nm the AICH3 production becomes more and more
important, but both quantum yields sum up to a constant all the way down to 210nm. Below this
value, the sum of both channels begins to decrease. A reason for this behaviour can be the
uncertainty of the absorption spectrum for low pressures (p<0.001 Torr). Nevertheless, no
significant amounts of other photoproducts have been seen in this region, so that we are
confident that the dotted line in Fig.6 reflects the real photochemistry of TMA. Finally, Fig.7
illustrates the relative amounts of Al and AICH3 compared to the absorption spectrum of TMA.
Observe again that for 22235nm TMA decomposes only to Al and organic fragments, while
otherwise AICH3 is detected as well.

DISSOCIATION MECHANISM OF TMA
One striking feature of our results is that aluminum atoms are produced at lower photon

energies than AICH3. Since the average bond energy of an Al-C bond in TMA is reported to be
about 2.7¢V [6), one expects 8.1eV to be necessary in order to seperate all three CH3 ligands.

Yields:
-r°—~A|
st Al 4 AICHg

—— absorption spectrum

Fig.7: The relative amounts of
TMA decomposition products as a
function of photolysis laser
wavelength  in comparison to the
absorption spectrum.
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On the other hand,our experiments show that one SeV photon is sufficient to isolate the Al atom.
In order to explain the energy mismatch of 3.1 eV, we propose a mechanism which sets energy
free, for example by the following :

AI(CH3)3 +hv -> Al+CaHg +CH3 n

Unfortunately, C2Hg has no dipole moment and a high ionization potential making the collision-

free detection difficult.
The mechanism for the production of AICH3 is :

AKCH3)3 +hv -> AICH3 + CH3 + CH3 (2)

without the gain of energy through the formation of a stable molecule like C2Hg. Taking the
average binding energy of 2.7eV, one would expect the onset of the AICH3 production at about
230nm (5.4¢V), in agreement with the experimental results (comp. Figs. 5-7).

For Ga (TMG) and In (TMI) the mechanism is the same.

Conciusion
From our results on the decomposition of TMA by UV laser light we conclude:

only the monomer of TMA absorbs radiation for 2>2220nm
the decomposition of TMA is a one-photon process

the main photoproducts are Al and AICH3

the ratio [AICH3})/[Al] is wavelength dependent
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LICVD OF Cr(C,0) FILMS FROM Cr(CO)g AT 248 NM:
GAS-PHASE AND SURFACE PROCESSES

R. NOWAK, L. KONéTANTINOV AND P. HESS
Institute of Physical Chemistry, University of Heidelberg,
Im Neuenheimer Feld 253, D-6900 Heidelberg, F.R.G.

ABSTRACT

The influence of laser fluence and carbon monoxide par-
tial pressure on the deposition rate of thin Cr(c,0) films was
investigated. The films were deposited from Cr(CoO). mixtures
with CO and Ar using a KrF excimer laser. The observed results
are discussed with respect to the relative importance of gas-
phase and surface processes. The results reveal that under the
present experimental conditions chromium atoms produced in the
gas phase play only a minor role as direct film precursors in
KrF laser-induced film deposition.

INTRODUCTION

Recent experiments on LICVD of thin Cr(cC,0) films using
chromium hexacarbonyl as a precursor have shown that in pulsed
laser and especially cw laser deposition at UV wavelengths the
grown films are heavily contaminated by carbon and oxygen
impurities. Typical chromium concentrations for pulsed deposi-
tion with 248 nm light (KrF laser) were approximately 50-60%
Cr with equal or unequal amounts of carbon and oxygen (1-3),
Films deposited with cw 257 nm light (frequency-doubled Ar"
laser) contained only 30-40% Cr and oxygen with no or only
small amounts of carbon (4-7). In order to reduce the level of
impurity incorporation, a better understanding of the basic
processes leading to Cr(c,0) film deposition is of extreme
importance. For the case of KrF laser-induced film deposition
it has been shown that a variety of excited chromium atoms are
produced in the gas phase by both direct multiphoton dissocia-
tion and sequential dissociation via an intermediate, but in
addition a large number of unsaturated chromium carbonyl mole-
cules are produced in the gas phase (8). Further experiments
revealed that in the case of Cr(C,0) film deposition on quartz
substrates the growth rate increases upon heating the sub-
strate in the temperature interval between 20°C and 65°c (3)
and that the process can be described in terms of a diffusion
length for buffer gas pressures greater than about 20 torr
(2,3). In the present work results concerning the influence of
KrF laser fluence and carbon monoxide partial pressure on the
growth rate of film deposition from Cr(CO)s mixtures are
reported. These results are discussed with respect to a
possible mechanism for Cr(c,0) film deposition in the case of
pulsed laser irradiation.

EXPERIMENTAL
The experimental setup used for the present studies is
shown schematically in Fig.1l. The output energy of the KrF

excimer laser, which was operated at a repetition rate of 20
Hz in most experiments, was attenuated by a dielectric beanm
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Fig.1l: Experimental setup; abbraeviations as follows: AC: ab~
sorption cell, Ar: carrier gas (argon), BS: beam splitter, CH:
chopper, DAS: data aquisition system, F,F': bandwidth filters,
GS: gas saturator, L: low pressure mercury lamp, Le: lens
(£=300 mm), M1,M2: dielectric mirrors for 248 nm, P: pola-
rizer, PD1,PD2: photodiodes for visible and ultraviolet wave-
lengths, respectively. -

splitter. The gas flows through the deposition cell were
adjusted by mass flow controllers (not shown in Fig.l1l). After
saturating the carrier gas (argon, purity: 99.999%) with
chromium hexacarbonyl vapor in the saturator, the number
density of Cr(c0)g in the carrier gas was monitored by
measuring the absorption at 253 nm in a quartz cuvette before
the mixture entered the deposition cell. The film deposition
was performed on quartz substrates (Suprasil I) at a laser
beam spot diameter of 3 mm and an ambient temperature of about
24°C. Monitoring the film growth by the transmission of a HeNe
laser probe beam (633 nm) in situ revealed that under the
conditions of the present experiments the change of the
optical density with time was nearly constant for film
thicknesses greater than approximately 200 A. Therefore, a
calibration of the optical transmission curves with
mechanically measured film thicknesses was possible (Talystep
profilometer). In all cases the film growth could be monitored
up to a film thickness of about 4000 A using a sensitive
photodiode for probe beam detection. The partial pressure of
carbon monoxide in the carrier gas was adjusted by mixing the
argon gas flow with a controlled CO mass flow (purity:
99.9968) while keeping the total gas flow through the
deposition cell constant. During all experiments of this work
the total gas pressure, which was measured by a capacitance
manometer, was kept constant at 200 mbar.

RESULTS AND DISCUSSION

The deposition of thin Cr(c,0) tilms under the conditions
of the present study results from a complex combination of
gas-phase and surface processes. The importance of surface
processes is already evident from the obgervation that a me-
tallic film is formed only on the area irradiated by the laser
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beam; outside of this area a nonadhesive black to brown
deposit may be formed under certain experimental conditions.
For this reason the amount of energy absorbed in the gas phase
and at the surface, respectively, will be indicative of the
importance of both processes. In Fig.2 the fluence absorbed in
the gas phase is presented as a function of the incident laser
fluence under the given conditions. This dependence was ob-
tained upon firing two or three laser pulses through the de-
position cell at a very low repetition rate («1 Hz). It can
clearly be seen that the amount of energy absorbed in the gas
phage reaches saturation for fluences higher than about 100 mJ
cm™“ and this suggests that in the saturation 1limit practi-
cally all absorbing molecules are dissociated or excited.
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Fig.2: The fluence absorbed in the gas phase as a function of
the incident laser fluence for Cr(CO)g¢-Ar mixtures at a total
pressure of 200 mbar, an absorption length of 4 cm and a gas
flow of 50 sconm.

In Fig.3 the dependence of growth rate on the incident
laser fluence is given for the same conditions as in Fig.2.
The fiqure presents the time-averaged growth rates determined
by mechanical thickness measurements with a profilometer. This
is compared with the temporal change of the optical thickness
which was obtained from the linear part of the transmission
curves. It is interesting to note that the characteristic be-
havior of both dependences is nearly identical. For laser flu-
ences below about 70 mJ cm™“ the growth rate increases approx-
imately linearly with incident laser fluence up to about 6 A/s
and for higher fluences it drops to about half of this value.
The linear part of this dependence suggests a rate-limiting
one photon process, while the interpretation of the decreasing
part is more difficult. obviously the similar behavior of the
temporal change of optical thickness and that of the time-
averaged growth rate suggests that the optical properties of
the deposited films do not change very much in the interval
studied. Therefore, we believe that to a first approximation
the morphology of the films does not change drastically during
growth but that the main reason for the decrease in growth
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Fig.3: Bottom: The dependence of the time-averaged growth rate
on the incident laser fluence at a repetition rate of 20 Hz
for Cr(CO).-Ar mixtures at a total pressure of 200 mbar and a
gas flow og 50 sccm. Top: The dependence of the temporal
change of the optical density on the incident laser fluence
under the same conditions.

rate is a mechanistic one. In the following, two simple
explanations are discussed in detail. Homogeneous gas phase
nucleation leads to heavy inert particles and clusters which,
to some extent, are lost for film growth because of diffusion
and flow out of the deposition region. Such an explanation is
supported by the observation that under the_present conditions
and incident fluences higher than 70 mJ cm~? the deposition of
black nonadhesive powder on non-illuminated substrate areas
increases with rising incident laser fluence. On the other
hand, we observed that for laser fluences higher than those
given in Fig.3 no homogeneous film formation is obtained. From
this result we conclude that thermal re-evaporation from the
growing film might be an additional loss channel for film
growth, which may also sontributc to the decreasa of the
growth rate above 70 mJ/cm“.

Further mechanistic information is obtained from the
dependence of growth rate on the carbon monoxide partial
pressure, as shown in Fig.4, where the carbon monoxide partial
pressure was increased up to somewhat less than the total gas
pressure. Interestingly, the deposition rate decreases only
slowly within the studied pressure interval, in contrast to
the results obtained from the cw experiments by Jackson and
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Fig.4: The dependence of the growth rate on carbon monoxige
partial pressure at an incident laser fluence of 72 mJ/cm?, a
repetition rate of 20 Hz and a total gas pressure of 200 mbar.

Tyndall (6), on the other hand, the nucleation time rises (not
shown). An experiment performed with pure carbon monoxide
yielded a brown and porous adhesive deposit with a time-
averaged growth rate of 15 A/s, but with a rather 1long
nucleation time. While all films prepared for the data shown
in Fig.4 had a metallic appearance, the morphology and
composition of this latter deposit is clearly different.

In this paragraph some remarks concerning a possible
mechanism of Cr(c,0) film deposition under the present
experimental conditions will be made. The present growth ra&ﬁ
is on thf order of 6 A/s. Therefore, approximately 2x10
atoms cm™“ are deposited per laser pulse, when taking the bulk
density of pure chromium into account. Due to the low vapor
pressure of about 0.2 torr a column height of chromium hexa-
carbonyl molecules on the order of 1 mm above the substrate is
necessary to explain the magnitude of the present growth rate.
However, the mean free path length at the given total pressure
of 200 mbar is only about 0.2 um. It is very unlikely that
chromium atoms separated from the substrate surface by more
than a few mean free path lengths will reach the surface in
the above reactive environment. Thus, we believe that the
direct contribution of chromium atoms to film growth will play
only -a minor role under the conditions of the present
experiments, because it has been shown that the recombination
of unsaturated chromium carbonyl molecules with CO molecules
requires less than ten collisions (9). Taking into account
that the growth process can be described by a diffusion length
(3), a substantial contribution of unsaturated and saturated
chromium carbonyl molecules to film growth is very likely.
Previously we have shown that the growth rate increases with
rising’ substrate temperature and this finding has been
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interpreted in terms of an activated chemisorption and/or
pyrolytical decomposition (3). Therefore, film formation by an
adsorbed layer of unsaturated chromium carbonyl molecules
which may be partly decomposed by the high transient surface
temperature and completely decomposed by the next laser pulse
is supported by these experiments.

CONCLUSIONS

The present measurements show that the effect of increas-
ing partial pressure of CO on the nucleation time and the
growth rate is surprisingly small. The nucleation time in-
creased by less than a factor of two when the CO partial
pressure was changed from zero to about 200 torr. The decrease
in the deposition rate was also very small, as shown in Fig.4,
for a repetition rate of 20 Hz, but was somewhat more
pronounced at lower pulse repetition rates. This is consistent
with the following scenario for Cr(C,0) film deposition from
Cr(CO)G. The excimer laser pulse photolyses most of the
Cr(Co) ¢ molecules in the irradiated gas volume. However, only
chromium atoms and coordinatively wunsaturated chromium
carbonyls located within a few mean free path lengths have a
chance to reach the surface before the efficient recombination
with CO molecules occurs. These highly active species may be
responsible for nucleation, but the lifetime is too small to
explain the measured growth rate. This indicates an important
contribution of more stable carbonyl molecules and possibly
clusters to the deposition process. This would imply that most
of the CO groups are removed at the surface either by
photolysis during the laser pulse and/or by pyrolysis during
and between laser pulses.
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LIF-DIAGNOSTICS OF Cr DURING LASER-INDUCED DEPOSITION FROM Cr(CO)q

D. Rieger, B. Rager and F. Bachmann
Siemens AG, Corporate Production and Logistics Department, Otto-Hahn-Ring 6,
D-8000 Miinchen 83, Federal Republic of Germany

ABSTRACT

The spatial and temporal distribution of cr' in a laser-CVD arrangement
has been studied by laser-induced fluorescence (LIF). Low excited Cr*(assz)
atoms are produced by dissociation of Cr(C0)g by a Krf laser (X = 248 nm) via
two photon absorption. An observed disappearance of cr* after photolysis is
due to reaction with photofragments, quenching via collision relaxation and
deposition. The diffusion constants for cr* in He/Cr(CO), mixtures could be
determined. The Cr" density in the vicinity of a sample drops sharply by
heating the sample. The decrease is due to thermal decomposition of Cr(CO)g
with an activation energy of 0.11 eV.

Introduction

The use of laserinduced deposition (Laser-CVD) processes holds substan-
tial promise for application. The knowledge of gas phase. and (or) surface
dissociation, transport of radicals and -reaction mechanism are important
clues for the understanding of the deposition process [1,2]. Laserinduced
fluorescence is a sensitive and selective method for monitoring atoms or
molecules and is therefore in use to investigate plasmas in etch processes
{3] and CVD reactors [4]). In this work we monitor cr’ atoms produced by
photolysis of Cr(CO)g with a Krf excimer laser radiation to study the gas
phase processes and the changes 'in the vicinity of a surface due to
deposition and substrate temperature.

Experimental
The experimental setup consists of a photolysis laser, a dye-laser, a

reaction chamber and a photon detection system. The photolysis laser (Lambda
Physik, EMG 1003i) was focussed into the chamber onto a heatable sampie
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(Si(100)). The focal dimensions were about 90 x 500 um and the fluence could
be adjusted between 0,05 and 1.8 Jfem?. The Cr™ atoms were excited by a dye
laser (Lambda Physik, FL 3002), whose focussed beam (¢ & 20 um) crosses the
focus of the photolysis laser perpendicular and passes parallel to the sample
surface. The dye laser beam could be moved relative to the Krf laser beam 0.1
~ 10 mm parallel and vertical to the sample. The fluorescence was collected
perpendicular to both laser beams by a lens and imaged onto the entrance slit
of a 0.35 m-monochromator. The signa) was averaged with a boxcar integrator.
In order to observe the temporal change of the o density after photolysis,
the time delay between the pulses of the Krf and dye laser was varied. The
repetition rate was 30 Hz. Cr(CO)G seeded in Helium was flowing through the
reaction chamber, and a separate window purge with He reduced deposition on
the windows. The partial pressure of Cr(C0)g could not be measured directly,
but was estimated from the vapor pressure, the He flow and the LIF intensity.

Results and Discussion

The emission spectrum observed is very simular to that reported by
Tyndall et al. [5]. A1l lines can be assigned to Cr(l) transitions [6]. A LIF
spectrum of Cr(assz) is shown in Fig. 1. The dye laser excites a transition
of Cr* from the metastable initial state a552 to y5P°3 (A= 449.7 nm) and the
red shifted fluorescence at 464.6 nm (y5P°3-§ a5D4) was monitored. Therefore
we detect in all experiments slightly excited cr* atoms starting from the
metastable initial a5sz state, about 0.94 eV above the ground state a7s3. The
fluorescence was saturated at dye laser fluences of 0.1 - 1 J/cmz.

We observed a quadratic dependence between the fluence of the photolysis
laser and the LIF intensity, exhibiting that Cr(a552) is formed by a two-
photon process. Since the total dissociation energy of Cr(C0)s is 6.45 eV
[5], at least two photons of 5.0 eV are necessary to produce Cr atoms.
Tyndall et al. give evidence [5], that Cr” in the low excited ads and adp
states is formed in a high yield by a sequential process and higher excited
states are produced in a direct process. In the sequential process vibra-
tionally hot Cr(CO)a serves as an intermediate photoproduct, from which
excited Cr” is produced by absorption of a second photon:

Cr(CO)P + lhy > Cr(CO)i; + 200 (1)
cr(co)y + 1hv > cr® 4+ 40 (2)




e AR s e s e e e T et M r Rk e ness T S ras 2 ey m e e mran o e

a3

- L) T T T 1 T 1 T 1 T T T
Vspg""soa
31 ‘%"Yspo
s
? yR ety
5 :
2
g i
l A
{ H
Jl VSP:";’~—-5:502 !
L i
I T 1 T T 1 T t { T T T [
444 458 454 458 462 446 479
Wavelength (nm)
Fig. 1 LIF spectrum of Cr(assz) showing the excitation wavelength
X =449.7 mm (a5sz-> y5P°3) and the red-shifted fluorescence
(y5P°3 - 3502/3/4).

If collisional cooling of the hot Cr(CO)E intermediate occurs, the cr*
states a%s and a%p may not be reached energetically with a 5.0 eV photon. Qur
experiments support this model, because as shown in Fig. 2, the Cr deposition
drops sharply for total pressures > 10 Torr. For this pressure regime, the
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number of collisions exceeds unity during the photolysis time (~20 ns)
allowing for collisional cooling of the intermediate, whereby the production
of Cr* and also the deposition seems to be inhibited.

In Fig. 3 the spatial distribution of the crt density in the region of
the Krf laser focus is shown for various time delays after photolysis. The
width of the Cr" distribution curve (~ 140 um) with no time delay is some-
what larger than the focus of the KrF laser due to saturation of the LIF
excitation which increases the focal volume of the interaction [7].
Broadening of the Cr* distribution curves with increasing time delay shows
the diffusion of Cr" out of the focal region of the KrF laser focus. However,
the integral intensity of the Cr* distribution curves decreases with
increasing time, indicating a disappearance of cr®. As shown in Fig. 4, the
disappearance follows an exponential dependence on time and is faster for
higher Cr(C0)g partial pressures. The disappearance rate (slope of the curve)
exhibits a linear dependence to the Cr(C0)5 partial pressure (Fig. $),
indicating that the disappearance of Cr* is due to reaction with
photofragments of Cr(CO)g or with Cr(CO)g itself. Quenching of the low
excited Cr(assz) state by collision relaxation with Cr(C0)6 and
photofragments 1is also possible but could not be separated in this
experiment. Collisions with He have a low cross section for quenching the Cr*
states [7]. The disappearence rate varies slowly with time: In the initial
regime At<4 us (Fig. 4) the rate is about 2.8 faster than in a later
regime 10 us£At <40 us (Fig. 5,6). This behaviour is probably due to the
higher density of photoproducts in the initial time regime. The disappearance
rate increases by a factor of about 1.7 when the total pressure is lowered
from 5.0 Torr to 1.6 Torr. A higher He density provides a better prevention
for reaction (or collision relaxation) probably caused by an increased
screening of the reaction partners.

The widths (FWHM) of the Cr* distribution curves (Fig. 3) follow a
(At)l/2 law, from which the diffusion constants D can be derived. We find for
Ptot = 1.6 Torr (5.0 Torr) the value D = 330 /s (105 cmzls). A mean
velocity of Cr can be calculated using the expression D = 1/3.¥.) and a mean
free path for Cr in He of X= 86 am (27 am) (simple collision model). We get
Ver = 1150 m/s, which is about 3 times larger than the thermal velocity,
demonstrating, that Cr* obtains excess translational energy during
dissociation.
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An additional channel for the disappearance of cr' is the deposition on a
sample surface. The disappearance rate 0.15 mm above a $i(100) surface is
unchanged in the initial time regime (< 4 us), but doubles approximately for
At> 10 us (see additional point in Fig. 5). The surface acts as a sink, from
where diffusion out of this half space is reduced. From our observation we
derive a sticking coefficent for Cr on the film close to unity. The crt
signal and the laserinduced deposition rate drop sharply when the sample is
heated. Fig. 6 shows an Arrhenius plot of the et density 0.5 mm above the
surface and of the laserinduced deposition rate. We explain the observed
result by a decrease of the Cr(C0)q density: Cr(CO)g is decomposed thermally
and may not be accessible for further laserinduced dissociation.
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Fig. 6 Arrhenius plot of the Cr® LIF signal. Two extra circles show the laser-
induced deposition rate.
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Assuming equilibrium for the thermal decomposition rate koNCr(CO)ﬁ e “E/KT

(ko = preexponential factor, E = activation energy) and the flow rate
S = dN/3t, the concentration of Cr(CD)g in the vicinity of the substrate is:

S

N -
cr(co) KT

e +E/KT (3)
From Fig. 6 we obtain an activation energy of 0.11 eV, indicating the in-
stability of Cr(C0)5 against thermal decomposition. Therefore a higher laser-
induced deposition rate should be possible for cooled substrates. Further
advantage might be a reduced C and O contamination, because it is known [8]
that CO adsorption on Cr leads to dissociative chemisorption, while on cold
Cr samples molecular adsorption dominates.

onclusion

Using the method of LIF, we could investigate the production, the
disappearance due to reaction and collision relaxation and the diffusion of
Cr* for various (r(C0)g/He mixtures. Our measurements in the vicinity of a
substrate showed marked changes in the disappearance rate due to depostion
and a large influence of the substrate temperature on the ot density in
front of a sample surface.
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FINE METAL PARTICLE FORMATION FRON ORGANOMETALLIC
COMPOUNDS BY LASER IGNITED MILD EXPLOSIVE REACTION

NOBUO SHINO AND KEITARO YOSIIHARA.

ldemitsu Kosan Cent.Res.Lab., 1280,Kasiizusi,Sodegaura,Chiba
299-02,JAPAN

sInst.Nol.Sci., Myodaiji,Okazski,444,JAPAN

ABSTRACT

Fine wmetal particles asre deposited on a surface by
explosive decosposition of organometallic cospounds with
single pulse laser irradiation, This new technique has the
following characteristics: 5
(1) High quantum efficiency of ca. 10", that depends on
the size of the reaction chasber used and the concentration
of organometallic compounds.

(2) Formation of uniform spherical particles of ca. 0.3 ga

size under some reaction conditions.

(3) Rapid forsation of metal particles. Most of the starting
materials are decosposed within a8 few miliseconds.

The key points of this decomposition reaction are:

(1) Formation of high density active species in the gas
phase by the irradiation with high power lasers,

(2) Propagation of a thermal chain reaction,

1. INTRODUCTION

Recently chemical vapor deposition processes have
attracted auch attention for the preparation of thin films
and fine particles. For exasple, amorphous silicon is
deposited from silane or disilane, silicon carbide is
deposited from organosilicon compounds, and various setals
are deposited from organometallic compounds.

In these processes, laser beams as well as conventional
light sources, thermal energy sources, and plasmas are used
for the decomposition of starting gaseous materials. However
so-called quantus efficiency for the production of deposited
materials is usually very low.

We have found a highly efficient process for producing
fine setal particles, in which laser light is used only for
igniting a decomposition reaction of or;angletallic
cospounds. The quantuw efficiency exceeds 2 x 10°. Since
this reaction is initiated by only one shot of laser
irradistion just like an explosive reaction, we will call
this type of decosposition reaction s " laser ignited wild
explosive reaction ( LIMER )."

In this article we report sose features of this unique
decomposition reaction of organcmetallic compounds and fine
aetal particles produced by LIXER.
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2. EXPERIMENTAL

Excismer laser output, ArF ( 193 na ) and KrF ( 248 nm ),
having a power of 10-350 nJ, and a pulse width of ca.10 s
was used for the decosposition of organometallic cospounds.
In some cases of the KrF excimer laser irradiation, the
laser beas was focused with a convex lens of f = 100 mm in
order to wake active organometallic compounds at high
concentration. Tetrasethyllead ( TNL ) ,
tetraethyllead ( TEL ) , and trimethylbismuth ( THBi ) were
purified by at least 5 freeze-pump-thaw cycles followed by
trap-to-trap distillation in vacuum before transferring to a
reaction chamber. Nitrogen, helius, and hydrogen were frons
Nippon Sanso, stated purities 89.9 X, and were used without
further purification.

Organometallic compounds were introduced into the
reaction chamber of about 100 al volume. A reaction chamber
with a volume of 10 liters was wused for thg dquantus
efficiency measurement, Background pressure of 10 Torr was
achieved by using an oil diffusion pusmp.

Gaseous products were analyzed by a gas chrosatograph
( Hewlett Packard, wsodel 5890A ) uvsing a methyl silicon gua
column ( HP-1, 5 = x 0,53 pm ) with a flame ionization
detector.

The shape and the size of metal particles were measured
by scanning electron microscope ( Bitachi $-800 ).

3. RESULTS AND DISCUSSION

After organometallic compounds such as tetramethyllead
( THL ) and trisethylbismuth ( THBi ) were introduced into
the reaction chamber, the sample was irradiated by a single
laser pulse through a8 quartz window, Ismediately after laser
irradiation, most of the organometallic comspounds decompose
within a few tens of milliseconds accompanied by a strong
orange esmission. After that, spherical black fine wmetal
particles having a size of below 1 pm were deposited on the
wall of the reaction chaamber,.

There are two key points which wsake possible this
unique reaction. One is the formation of high density
active species by a single laser pulse irradiation, and the
second is the propagation of a thermal chain reaction.

Since 10 Torr of THL has a molar extinction coefficient
of 10300 at 183 nm, 99 % of the ArF excimer laser light is
absorbed within 5 mam, Therefore high density active species
such as metal atoms and methylmetal radicals are formed in a
relatively confined voluse by a single shot irradiation fros
an excimer laser. Then these active species can cause the
propagation of a thermal chain reaction with an emission of
orange light, After the explosive reaction, sost of the
tetramethyllead compound is decomposed to produce fine metal
particles and gaseous products such as ethane, ethylene,
methane, and propane in the reaction chamsber and finally
these fine particles adhere on the chamber surface.
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% Now let us consider the reaction efficiency. The
irradiated laserlslight. for example ArF 193am, 252,
contains 2.4 x 10 photons per pulse. On the other hand, 20
Torr of TNL in the 10 | volume reaction cha!?er at roon
tesperature ( 22° ) corresponds to 6.5 x 5loleculeu.
Consequently reaction efficiency becomes 2.7 x 10%, .
In order to elucidate the reaction sechanism, we have :
investigated the reaction conditions for LINER, that is
irradiated laser ( power and wavelength ), organometallic
compounds ( variety and concentration ), and added foreign B
gases ( variety and concentration ).

3.1 Laser power and laser wavelength

Figure 1 shows ?

:he laser powe; ‘“: KrF Excimer Laser Power / @l

aser wavelengt

dependence for LIMER, .|¢ ¢ 100 200 300 400

In this figure, the 3S[3 " . .

vertical axis is the Si& pﬁ-ﬁé-~-~r-——-—!--——-—‘—---——1 ;
ratio of pressure w|— " .. :
after laser o 7248nm |93nm 248nm

irradiation to that &% § focus f';"c':s :"m'f““s

before irradiation. ol ! *L j

If the decomposition 3|3 'kx‘*"‘"" A U

reaction of THL

proceeds coapletely u|lw

according to scheme 3|3 )

1, the ratio should &= 5 ) 20 36 a6

be about 2 Dbecause

ArF Excimer Laser Power / ®J
the saia gaseous

products are 2 Fig.1, Laser power and wavelength :
nolecules of ethane dependence for LINER ;
which is obtained :

by the recombination reaction of methyl radicals.

Pb(CH —> Pb + 2 C,H, ( Scaeme 1)

3)4
In fact, 85 % of ethane, several percent of methane aad :
ethylene, and a few percent of propane are detected by gas :
chromatography. As is clearly shown in this figure, for §
Torr of TNL, there exists a8 threshold laser power, about 17
a) in the case of 193 na irradiation and 270 aJ in the ~case
of 248 ne irradiation without focusing the laser beam. When
the KrF excimer laser beas is focused with a convex lens, i
having 100 as focal length, at a distance of 80 mm froa the :
window, the threshold 1laser fluence goes down to 60 alJ.
4 These results indicate that a wulti-photon process is
necessary for the formation of active species.

The difference in the threshold laser power between
183 n» and 248 nae irradiation can be interpreted by the
difference in absorption coefficients of TNL at these
wavelengths., The wolar extinction coefficient is 10300
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" lca™! at 193 nm, while it is 120 X 'ea”! at 248 ns.

Accordingly, the absorbance at 193 nm is sbout two orders of
sagnitude greater than the one at 248 nm. These results on
laser power dependence and laser wavelength dependence
clearly show that it is very important for LINER to produce
high density active species,

3.2 Effect of concentration of organometallic comspounds for
LINER

LIKER does not take place below the concentration of
ca. 1 Torr in the cases of both 193 ns and 248 o=
irradiations. This pressure effect can be interpreted as
follows. When the concentration of starting materials is
low, active species which are forsed by the laser
irradiation, cananot collide with the other parent molecule
and will be deactivated. On the other hand, with high
pressures active species can collide with the other parent
solecule and transfer the internal energies to it, The
frequency of collision is attributed to the pressure of the
parent molecule. The excited parent molecules then decompose
to fors active species again and a8 thermal chain propagation
process proceeds, Fine metal particles and gaseous products
are probably formed during the propagation of the chain
reaction,

3.3 Organosetallic compounds possible to induce LINER

Among the organometallic cospounds we have
investigated to date, TNL and TMBi can undergo LIMER, These
two coapounds have a weak setal-to-methyl group bond
dissociation energy, As the bond dissociation energy
decreases, organosetallic compounds can be -expected to
decompose to smaller fragments such as methylmetal radicals
and wmetal atoss. Actually we have detected absorption
spectra of lead atom which are obtained by the photolysis of
tetraethyllead using & nanosecond laser flash photolysis
technique. (1) While in the case of the photolysis of
hexssethyldisilane, trimethylsilyl radical can be detected
sand no other small fragments were detected. (2) Accordingly
active species are expected to be generated in the case of
the photolysis of the cospounds which have a weak bond
dissociation energy. These cospounds are also advantageous
for the propagation of thermal chain reactions,

Among the various types of organometallic compounds,
alkylmetal, wetalcarbonyl, and wetallocene compounds have
weak bond dissociation energies. In these compounds, some of
the saslkylemetal cospounds can proceed by an exotheraic
reaction because recosbination of alkyl-alkyl radicals have
large bonding energies, Table 1 shows the average bond
dissociation energies ( D ) and energy balances (AN ) of
sose alkylsetal conpounduf' The average bond dissociation
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energy means the energy Table 1. Average bond
D per one metal-alkyl dissociation energies
b80d, and D is the and energy balances of
energy necessary fo; some alkylmetal compounds
the formation of a seta

atoa, that is D_= D  + alkylaetsl Dov / AOH /

D? + D3 + Dg in R |lle CLST compounds keatl mol-! keal moi-!

° tetfasethyl-meta

compounds. AH is the bond Bi (CHss 38 -28
dissociation energy of an Pb (CHals 37 -30
alkylmetal ( D__ ) wminus P b(CHu)e a2 45

the bond forsation energy

of the alkyl-nlkyl Sn (CHas b2 33
radicals, for instance Ge (CHals 57 50
bonding energy of the Zn {CHa)a 43 -2
lethll-lethyl is 88 kcal Zn(Csils)s 36 -15

sol °. The compound Cd (CHa)s 34 —20
which has a wminus Al

value, that 1is the one that proceeds by anm exothermic
reaction, has a possibility of LINER., In fact, TNL and TNBi
can cause LINER, but others cannot presumably because of
threshold AH value for LINER and because of insufficient
vapor pressure at roos tesperature Pb(Czﬂs)4 ).

3.4 Effect of foreign gases

The last
reaction condition
for LIMER is the
effect of added
foreign gases as
shown in figure 2,
LINER is
prohibited by the
addition of
foreign gases at
pressures above 7
Torr. These
results can be
interpreted as the
deactivation of Fig.2, Effect of Foreign Gases,
active species by
added foreign gases., When the concentration of foreign gases
is low, the formed active species can collide with the other
parent molecules., However, with increased pressure of added
foreign gases, the possibility of collisions with foreign
gases increases sore than with the parent wolecules., This
say prevent the active species from propagating the thersal
chain reaction,

® He
25

Trradn.

A Air

after Irradn.

before

Press.
Press.

G 5 1o 75 20
Pressure of Foreign Gas / Torr

3.5 Fine metal particles formed by LINER
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After laser irradiation, fine metal particles are
formed in the reaction chanmber. Figure 3 shows a
sicrophotograph of lead particles which were obtained by the
decomposition of TML under a certain reaction condition. It
is recognized fros this figure that spherical shape fine
particles of 0.3 ua size are formed.

Figure 3. Nicrophotograph of lead particles

3.6 Conclusion

e have discovered the unique decomposition reaction
named LIMER. ( Laser Ignited Mild Explosive Reaction ) The
key points of LIMER are the high density formation of active
species and the propagation of a thermal <chain reaction
caused by these active species. The formed metal particles
are spherical shape of 0.3 pm size,
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MODELLING OF PYROLYTIC LASER DIRECT-WRITING
FROM THIN METALORGANIC FILMS

Peter E. Price Jr. and Klavs F. Jensen
Department of Chemical Engineering and Materials Science, University of Minnesota,
Minneapolis, Minnesota 55455 -

ABSTRACT

A one-dimensional model for pyrolytic laser direct-writing of metal features from
thin metalorganic films is presented. The model extends previous results for scanning
laser crystallization by including separate but coupled mass and energy balances and
allowing for variations in the optical properties and thermal conductivity in the film as
it decomposes. A finite element approach is used to obtain solutions to the steady state
and transient model forms. The model predicts the existence of multiple steady states
for a range of laser powers when the optical absorbance is a nonlinear function of the
fractional conversion in the film. These predictions agree qualitatively with multiple
steady states that have been observed in direct-writing of palladium features from palla-
dium acetate films. Experimental results that demonstrate multiplicity in the palladium
acetate system are presented. The model also predicts the existence of periodic solutions
that correspond to the periodic features that have been reported for direct-writing of
gold features from organogold films.

INTRODUCTION

Laser direct-writing of micron-scale metal features by pyrolytic decomposition of
thin metalorganic films has been reported in a number of recent publications, demon-
strating the potential of the technique in applications such as device interconnects and
photolithographic mask repair [1-11]. It was the pioneering work of Fisanick, Gross, and
coworkers at Bell Labs on the deposition of micron-seale gold features from organogold
films [3-6] that revealed the wide variety of dynamic behavior that can occur during
direct-writing. In particular, they observed pronounced periodic oscillations in features
written over a range of laser powers and scan speeds. They studied the thermochemistry
of the film decomposition using differential scanning calorimetry and thermogravimetric
analysis and found that the decomposition took place in several steps with a strongly
exothermic overall heat of reaction. This suggested that the observed periodic features
were a chemical analog to the periodic features that had been widely observed in laser
induced crystallization {12-18).

Fisanick et al. [3] used the concept of cooperativity to explain the existence of
periodic solutions. The concept is that when the rate of energy released by reaction in
the film is comparable to the rate of energy input by the laser, periodic features may
develop by the following mechanism. Initially, the scanned laser beam causes the film
to undergo a chemical transformation during direct-writing or a physical transformation
during scanned laser crystallization. The heat released by this transformation causes
the transformation front to expand beyond the laser beam. However, the front loses
heat by conduction to the substrate and the surrounding film as it is expanding. If this
rate of heat loss is sufficient, the transformation front will be quenched. Upon reaching
the quenched front, the scanning beam initiates this process again, resulting in periodic
features.

Fisanick et al. [3] noted that their experimental results were in qualitative agreement
with the model presented by Kurtze et al. (18] for scanning laser crystallization. This
model consists of a one-dimensional energy balance that describes the behavior of a step
front at the amorphous-crystalline boundary as an infinite laser slit is scanned across a
thin film of amorphous material, e.g., Si or Ge, on an insulating substrate. Their results
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extended a previous model for explosive crystallization presented by Gilmer and Leamy
[19] and further examined by van Saarioos and Weeks [20] by including a laser term in
the energy balance. Kurtze et al.’s model also overcame the physically unrealistic results
obtain by Zeiger et al. [15] by properly accounting for the temperature dependence of
the interface kinetics. The application of Kurtze ¢t al.’s model to laser direct-writing is,
however, limited by the assumptions of a step transformation front and constant optical
and physical properties in the film. As noted by Fisanick et al. [3], changes in the thermal
conductivity and optical properties of the film can be be significant, and the assumption
of a step transformation front may not accurately describe the decomposition reaction
of the metalorganic film. The model presented herein is a further extension of Kurtze et
al.’s laser crystallization model insofar as it includes a separate mass balance to describe
the extent of reaction in the film and allows for variations in the optical properties and
thermal conductivity as the film decomposes. These extensions provide a more accurate
description of the laser direct-write process.

More recently, Gross and coworkers {7-9] have presented several papers describing
the direct-writing of palladium features from palladium acetate films. Although the
overall heat of reaction for the decomposition of palladium acetate is endothermic or at
most weakly exothermic [7,9,21], the palladium features also exhibit periodic behavior.
Baufay and Gross [9] have attributed this periodic behavior to nonlinear variations in
the optical absorbance of the film as it decomposes. At low conversions, the optical
absorbance is reported to increase with fractional conversion. Thus, once the reaction is
initiated, the absorbed laser energy increases, causing the reaction front to expand. As
the conversion increases, the reflectivity of the film begins to rise and the absorbed laser
energy decreases. This causes the front velocity to decrease. When the scanning beam
catches up to the reaction front, the process begins again, leading to optically induced
periodic features. Here, we limit the discussion to optical effects in the steady state
behavior.

In this paper, we use a reaction engineering approach to derive a one-dimensional
model for laser direct-writing that contains the essential characteristics of the process.
This approach follows a long history in the chemical engineering literature that is replete
with studies of steady state multiplicities and instabilities in chemical reactors [22,23].
To facilitate understanding of the relative importance of the various processes, e.g.,
reaction, conduction, and convection, that occur during direct-writing, the model is put
in dimensionless form. Using parameters derived from reported results for direct-writing
from palladium acetate {7-9] and organogold [3-6] films, as well as new experimental
results, we present computational results that are in qualitative agreement with observed
multiplicity and periodicity in direct-write features.

THE MATHEMATICAL MODEL AND NUMERICAL METHODS

The laser direct-write process is complex, and a general model would require three-
dimensional, time dependent mass and energy balances. Performing the extensive cal-
culations needed to solve such a system would clearly be impractical. Rather than
proposing such a detailed model, we seek to develop a model that remains computation-
ally tractable, yet captures the essential qualitative behavior of the process. The model
system we consider is pictured in Figure 1.

In laser direct-writing, the substrate is typically much larger than the reaction
zone. The domain is therefore modelled as a thin film of reactant on a semi-infinite
substrate. We consider a laser slit source, infinite in the y-direction, with a Gaussian
power distribution and scanning at a constant velocity, V,, in the x-direction. The mass
and energy balances are developed by considering a volume element, infinite in the y-
direction and of depth d. The volume element includes the film, of depth ed, and some
portion of the substrate, of depth (1 - €)d. The thickness of the film, as well as the
density and specific heat of the film and substrate, are assumed to be constant. The
thermoconductivity of the film is assumed to vary with conversion. The film is assumed
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to decompose in the solid state, i.e., no melting is assumed, and diffusion of reactants and
products in the film is neglected. The incident laser energy is assumed to be absorbed
evenly throughout the volume element, although the degree of absorbance may vary with
conversion in the film. The film is assumed to initially contain only reactant, A, that
reacts irreversibly to form product, B, with first order Arrhenius kinetics. Transport of
reactants and/or products to and from the surface is not considered. Finally, heat loss
from the volume element to the surroundings is described by a Newton’s law of cooling
term. The resultunt mass and energy balances are:

8(eC) 8(60) —E,
T = Ve g~ kC e[ ] @
and

8(eprep T + (1 — €)pacp,sT)
= ("’“ )+ Ve o :

__(T o) + ?;;Ad exp[ ]+( AH)ekoC exp[ =1 )

B(eptcpaT + (1 — €)pacpaT)
ot

The initial and boundary conditions are:
C(x,0) = Co(x), To(x,0) = T(x); C(oo,t) = Co, T(—o00,t) = Tw, T(c0,t)}) = Tw

(3)
Direction of scan e

Laser Slit

/ Volume Element

Film

[ NN NN

v/ < . Substrate

Figure 1. Schematic of slit laser direct-write model system.

For constant densities and heat capacities of the film and substrate the above equa-
tions are similar to the pseudohomogeneous axial dispersion model for tubular reactors.
The steady state and dynamic behavior of the tubular reactor model has been studied
in detail [24 and references therein]. Further development of the direct-write model will
follow the approach used previously for the tubular reactor [24]. The model equations
are made dimensionless by defining:

Co-C T-Ty Tw — Ty E
X, = , Xg=+5——, Xp = , .
TG T, ™7, RT,
,e ﬂ’i, 2=2 Le= st (1~ e)p.cp,.’ Pe = Yeweprcp s @)
w w €P1Cp g Keff

R
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J(CAMG o Tu g daw oo
B= c,,_‘To ! - thép(cp,g ! & Vl ! Qo #1/2T0V¢d€ptt‘.p,(

X; is the conversion of the reactant. X; is the dimensionless temperature. Xj is
the dimensionless temperature of the surroundings. v is the dimensionless activation
energy., 7 and z are the dimensionless time and length scales. To account for the
change in effective thermal conductivity between the metalorganic film and the final
metal structure, Pe is assumed to vary linearly with conversion X,. Using the above
definitions, the model equations can be written as:

X _ X, _ -y ]
B =& TDHI-X) ”‘P[Hx, (6e)
X, _8/( 1 axg) Xz o
Le 5 = E(———Pe(x]) >y +Le~—-az B(Xa — Xaw)
it/
. +BDa(1 - X;) exp[—l—':x——Z] + QoA exp[_ZZJ (5b)

Taking the reference temperature, Ty, to be the temperature of the surroundings, T.,
and the reference concentration, Cyp, to be the pure unreacted precursor, the dimension-
less initial and boundary conditions become:

X;(z,o) == X;o(z), X,(z, 0) = XQO(Z); X,(oo, 1') = 0, Xz(—-oo,r) = 0, Xg(oo,‘r) = (26)
Several of the dimensionless parameters have physical interpretations similar to those
given in the tubular reactor analysis of Jensen and Ray [24]. Le is the Lewis number,
which gives the ratio of the intrinsic thermal time constant to the intrinsic material
time constant. Pe is the Peclet number for heat transfer, which describes the relative
importance of energy transfer by convection and conduction. B is a dimensionless heat
of reaction. 8 is a dimensionless heat transfer coefficient. Da is the Damkéhler number,
which gives the ratio of the reaction rate to the space velocity. Qg is the dimensionless
laser power per dimensionless unit length.

NUMERICAL METHODS

The Galerkin finite element method has been used to solve both the steady state
and transient forms of the model equations. This method is well described in & number of
textbooks (25,26]. Although the direct-write model is formulated on an infinite domain,
solutions to the finite element problem were obtained by considering a truncated domain
that was sufficiently large that further increases in size had a negligible effect on the
solution. To investigate the dependence of the steady state solutions on the laser power, a
pseudo-arclength continuation scheme was used. This method, which has been described
previously by Keller [27], makes it possible to obtain solutions near bifurcation points
where natural parameter continuation would fail. Time integrations of the transient
problem were performed using the implicit integrator LSODI [28]. To reduce numerical
difficulties a small degree of diffusion was added to the mass balance. This diffusion term
was choeen so that any oscillations in the conversion profile behind the laser would not
reflect back towards the laser upon reaching the truncated left boundary. The short time
behavior and steady state behavior were indistinguishable with or without this diffusion
term.
For both the steady state and transient calculations, several measures have been
used to characterize the solutions. The first measure is the feature width. When metal
!ines are written using a scanning beam, the width of the lines can easily be measured.
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For the one-dimensional model, no such width exists. For the case of a scanning laser
slit, however, the position of the reaction front relative to the center of the slit should
be a comparable characteristic of the system. Hence, we define the feature width for
the one-dimensional model to be the distance from the slit center to the point in the
reaction front where the conversion has reached half of its maximum value.

The other two measures, the conversion and temperature integrals, are suggested
by the shape of the conversion and temperature profiles. These integrals are defined as
follows:

o0 o0
conversion integral = / X; dz; temperature integral = / X, dz )
0 0

These integrals measure the area under the conversion and temperature profiles, r.opec-
tively, from the beam center to the right boundary. They reflect the total degrees of
conversion and of energy input plus generation in the film.

EXPERIMENTAL

The experimental apparatus consisted of a 5W Ar+ laser operating in TEMgy mode
at 514.5 nm. The beam was either focused through a cylindrical lens to give a slit source
or expanded 3X and then focused through a 0.22 NA microscope objective to give a
beam source. Using a scanning knife edge technique, the slit was determined to have
an elliptical profile with approximate 1/e, principle radii of 28 ym and 900 um. The
1/e beam radius was determined to be approximately 4.0 um. Palladium acetate films
were spin coated onto quartz substrates from chloroform solution. The samples were
mounted on a stepping motor driven X-Y stage with a scan speed range of 1 to 1200
pum/s. Palladium features were written by exposing the films under ambient conditions.

RESULTS AND DISCUSSION
te: tate Behavior

A set of base parameters for the mathematical model was determined by using the
scanning laser slit to deposit palladium features from a 1.0 ym palladium acetate film.
Although the slit source is actually elliptic, the laser power in the central region of the
slit is nearly constant and provides a good approximation to the infinite slit used in the
model. At a laser power of 1.3W and scan speed of 100 um/s, the slit was scanned
across the film. The laser slit was blocked during the scan. The resultant feature
appeared as a sharp palladium/palladium acetate front propagating 92 um ahead of
the slit center. This experimental result was used in conjunction with maximum film
temperatures estimated by Gross et al. [4] and the analytical solution for the temperature
profile induced by a laser slit scanning across a substrate. The choice of parameters is
discussed in more detail below. Additional experiments using the scanning laser slit
are currently underway and will be used for further comparison to and refinement of
the mathematical model in the future. At present, we compare the qualitative behavior
predicted by the model to new, as well as previously published, experimental results for
a scanning laser beam.

Table 1 contains the physical properties, reaction parameters, and laser slit proper-
ties for the base case. The thermal conductivity of the unreacted film was taken to be
the same as for the quartz substrate. The thermal conductivity of the completely reacted
film was taken to be approximately 50% of the bulk value for palladium to account for
impurities in the final feature, as suggested by measured electrical resistivities for direct
written palladium features [8]. The density and heat capacity of the film were taken to
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be order of magnitude estimates of the average values. The reaction rate constant and
activation energy were obtained from Baufay and Gross [9]. The reaction was assumed
to be thermoneutral. The thickness of the volume element, d, was taken to be that of
the film, and the heat transfer coefficient, I', was selected so that the predicted feature
width matched the 92 um size obtained experimentally.

Table 1. Base Parameters for One-Dimensional Laser Direct-Write Model

Laser Film and Substrate Properties

w =28 ym d=1pgm Ker(X1 = 0) = 0.005 cal/(cm s K)
Py = 1.71 cal/(cm s8) pr =10 g/cm?® P =22 g/cm?®
V¢ =0.01 em/s cps =0.1cal/(g K) cp,=0.18 cal/(g K)

T' = 0.017 cal/(cm?s K)

Palladium Parameters: ko =1.1-10'* s=! —AH =0 cal/g
E. = 30.3 keal/mol kea(X; = 1) = 0.0875 cal/(cm s K)

Gold Parameters: ko =1.1-10"1 s=! —AH =630 cal/g
. E. = 36.9 kcal/mol  x.q(X1 = 1) = 0.375 cal/(cm s K)

Baufay and Gross [9] calculated the variation in optical absorbance of a 1.0 um
palladium acetate film on a quartz substrate with the fractional conversion in the film.
This nonlinear dependence of the laser absorbance was included in the model by using
the following functional form for A obtained by fitting the data given by Baufay and
Groes [9]:

A(X;) = 0.05 + 100.0X]*? exp(—5.88 X24%%) (8)

The conversion and temperature integrals for the base case are shown as a function of
laser power in Figure 2. The nonlinear variation in laser absorbance with fractional
convergion leads to the existence of multiple steady states over a range of laser powers.
The low conversion state exists because most of the laser energy is transmiited through
the film and substrate, causing only slight heating of the film and thus a small degree of
reaction. Along the upper branch of the curve the conversion is high, and enough laser
energy is absorbed to maintain the nearly complete reaction despite the high reflectivity.
Additional calculations suggest that the existence of a maximum in the absorbance as
function of conversion, not the specific functional form, is all that is needed to obtain
multiple steady states.

This sort of multiplicity behavior has not, to the authors’ knowledge, been previously
reported for direct-writing from thin films. To investigate the existence of multiple steady
states, a series of experiments were conducted using a scanning laser beam. At a scan
speed of 100 um/s and for a range of laser powers, palladium lines were written from a
0.6 um film of palladium acetate. At each power, lines were written from starting points
on the unreacted film and on a previously written line. At laser powers below 80 mW,
extremely low conversion lines, like that shown in Figure 3a were observed regardless of
the state of the film at the starting point of the scan. In Figure 3a, the starting point
of the scan was a high conversion reference line. The direct-write feature rapidly dies
down to the low conversion state. Between 99 mW and 145 mW, low conversion features
similar to that shown in Figure 3b were obtained when the scan was initiated on an
unreacted portion of film. When the scan was started from an existing high conversion
line, a high conversion liie was obtained, as shown in Figure 3c. Above 145 mW, high
conversion lines similar to that shown in Figure 3d were obtained regardless of the state
of the film at the start of the scan.
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Figure 2. Predicted multiple steady states for the palladium system for varying laser '
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Figure 3. Observed multiple steady states in laser direct-writing of palladium films
from palladium acetate. (a) Unique low conversion state, laser power 80 mW; (b) low
conversion state of two possible stable steady states, 95 mW < laser power < 145 mW;
(c) high conversion state of two possible stable steady states, 95 mW < laser power <
145 mW; (d) unique high conversion state, laser power 165 mW. Laser scan speed 100
pm/s in all cases.
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Attempts to demonstrate reproducibility of these results showed that the solvent,
chloroform, can have a significant impact on the region of multiplicity. In the initial
experiments, the spin coated films were not baked to remove excess solvent. When
lines were written within several hours after spin coating, the region of multiplicity was
considerably larger and shifted toward higher powers, extending from 145 mW to 280
mW. Attempts to reproduce these results on the same film the following day yielded a
smaller region of multiplicity in a lower power range. The same reduction in the region
of multiplicity was obtained when the films, after spin coating, were baked at 100°C
for several hours to remove excess chloroform. This shows that sample preparation can
have a major impact on the nature of direct-written features and suggests that residual
chloroform may also have some effect on the periodicity observed in palladium features.
The multiplicity phenomena may also have practical consequences in terms of efforts to
reduce feature size. If the scan is initiated at a high conversion state, perhaps by using
a short pulse at higher power, lower laser powers can be used for direct-writing, leading
to smaller line widths. Adherence of the features, however, may restrict the minimum
writing power.

Transient Behavi

The development of periodic behavior in gold features written from films of Engel-
hard Bright Gold NW screen ink has been attributed to the concept of cooperativity
[3]. To investigate the model predictions for an exothermic system, the second set of
parameters shown in Table 1 were chosen to represent the gold system being processed
with the laser slit. Order of magnitude estimates were again used for the average density
and heat capacity of the film. The thermal conductivity of the completely converted film
was taken to be approximately 50% of the value for bulk gold to account for impurities in
the final features, as suggested by electrical resistivity measurements reported by Gross
et al. [4]. The reaction parameters were also obtained from Gross et al. [4]. The optical
absorbance was assumed to vary with conversion according to the formula:

A(Xy) =0.32 + X}* exp(—-1.7 X3?) 9)

This functional form is based on transmission and reflectance data presented by Gross et
al. [6]. This function is based on abasorbance values at low and high conversions. Values
for the absorbance in the middle range of fractional conversion may be inaccurate. From
the reported data, however, it is clear that the gold system also exhibits a nonlinear vari-
ation in laser absorbance with fractional conversion. This nonlinear absorbance function
again permits multiple steady states. Below, we consider only the high conversion states.

The concept of cooperativity suggests that periodic features should develop when
the heat of reaction is sufficiently high. We have calculated transient solutions as the
dimensionless heat of reaction was increased. These calculations suggest that as the
heat of reaction is increased to the point where the rate of energy generated by the
reaction is comparable the absorbed laser energy, the system undergoes a Hopf subcritical
bifurcation to stable oscillations corresponding to periodic features in laser direct-write.
We have also found that the Lewis number can have a strong effect on the nature of the
oscillations as also observed in the analogous tubular reactor case [24]. The Lewis number
is expected to be greater than one because of the thermal capacitance of the substrate,
but the exact value is difficult to fix without a detailed heat transfer analysis. Lewis
numbers near unity led to numerical stiffness problems that meant that solutions could
not be obtained in reasonable computing times. Since our interest is in the qualitative
behavior of the system, we performed calculations at high Lewis numbers (100), where
the equations are less stiff.

The dynamic behavior of the system is described in terms of phase plane diagrams
approximated by plots of the conversion integral versus the temperature integral. Since
the conversion and temperature integrals represent projections of the solutions to the
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partial differential equation (5), it is possible for trajectories in the plane spanned by
the conversion and temperature integrals to cross without the intersection corresponding
to identical conversion and profile temperature. Figure 4a shows the phase plot for the
system with B = 155 and the remaining parameters with the same values as in Table 1.
In this case the phase portrait is that of a stable spiral. This was found to be the case
regardless of how far from the steady state profile the initial state was. Increasing B to
166.1 and starting the system from the steady state solution corresponding to perturbed
laser power and heat of reaction, the system appears to be a weakly attracting spiral, as
shown in Figure 4b. However, if the initial profile is perturbed significantly, the phase
plot reveals a stable limit cycle, as shown in Figure 4c. Additional calculations for B
> 166.1 suggest that the domains of attraction of the spiral and the limit cycle are
separated by an unstable limit cycle. Finally, if the heat of reaction is increased to 170,
then the system approaches the limit cycle from even the slightest perturbation of the
corresponding steady state solution. This limit cycle is shown in Figure 4d.
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Figure 4. Subcritical Hopf bifurcation to periodic deposits in laser direct-writing of gold

films from organogold films with increasing heat of reaction (B). Figures a-d show phase

plane behavior approximated by plots of the temperature integral versus the conversion

integral. (a) B = 155, stable spiral; (b) B = 166.1, stable spiral; (c) B = 166.1, stable

limit cycle; (d) B = 170, stable limit cycle. Other parameters: Pe(X; = 0) = 5.6.10~3,

(l;egh =52)= 7.5:10~%, Da = 3.08-10'°, v = 61.9, Le = 100, B = 155, = 4.8, Xz, =
y Wo = -

Figure 5 shows the variation in the feature size as a function of time corresponding
to the stable limit cycle for B = 170 (cf. Figure 4d). Even at Lewis numbers of 100,
the speed of the front as it expands is large, and therefore the stiffness of the problem is
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apparent. Finally, Figure 6 shows the corresponding conversion and temperature profiles
at different times during one period of oscillation. The importance of the metal tail as
a heat sink is clearly reflected in these profiles. Stablility analysis shows that at B =
166.82 the steady state loses stability as a pair of complex conjugate eigenvalues cross
the imaginary axis. The behavior of the system is characteristic of a subcritical Hopf
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bifurcation [29). This bifurcation behavior is summarized in Figure 4, where the dark
circles represent the maxima and minima in the feature width of the stable oscillations
and the open circles represent, qualitatively, the unstable limit cycles. At the bifurcation
point, the ratio of the rates of energy generated by the reaction to the energy input from
the laser is 0.324. These results suggest that there should be values of the laser power
and scan speed at which both smooth and periodic features can be written. While
such behavior has been noted for direct-writing from the gas phase [30], it has not been
reported for gold features written from organogold films.

In closing, we note that qualitatively similar bifurcation and oscillatory behavior was
observed when a linear absorbance function was used, although the specific bifurcation
point depends on the absorbance function. The relationship between the absorbance
function and both the heat of reaction at the bifurcation point and the variation in the
period of oscillation with laser power are subjects that will be further investigated. This
should lead to a better understanding of the differences between the variation in period
with laser power seen in laser induced crystallization [17] and laser direct-writing [3].

CONCLUSIONS

A one-dimensional model for pyrolytic laser direct-writing of metal features from
thin metalorganic films has been described. The model predicts qualitatively the multiple
steady state behavior obseryed experimentally for direct-writing of palladium lines from
palladium acetate films. The observed multiplicity is caused by a nonlinear dependence of
the absorbance on conversion in the film. For sufficiently exothermic reactions, the model
predicts periodic solutions corresponding to experimentally observed periodic features
in laser writing of gold features from organogold films. The development of oscillations
in endothermic systems by an optically activated mechanism, as observed in palladium
features written from palladium acetate films, is currently under investigation.
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LASER-INDUCED CHEMICAL VAPOR DEPOSITION OF HIGH PURITY ALUMINUM

THOMAS H. BAUM, CARL E. LARSON and ROBERT L. JACKSON
I8M Almaden Research Center, San Jose, Californta 95120-6099

ABSTRACT

The laser~induced chemical vapor deposition (LCVD) of aluminum metal has
been achieved via the pyrolytic decomposition of trimethylamine aluminum
hydride (TMAAH). This materfal 1s a volatile, crystalline solid which is
non-pyrophoric, in contrast to many other aluminum precursors. Laser-driven
pyrolysis of TMAAH enables the selective deposition of high purity, highly
conducting aluminum deposits. The volatility of the TMAAH precursor is directly
responsible for the rapid rates of aluminum deposition and permits rapid scan
velocities to be utilized. The relationship between the chemical structure of
TMAAH and the high purity of the aluminum deposits is described.

INTRODUCTION

The synthesis of metal precursors for conventional and laser-induced
chemical vapor deposition has become an area of increasing activity. The
number of metal precursors that are volatile, easy to handle and decompose
cleanly to high purity metals is rapidly expanding. The syntheses of organogold
{1, 2) precursors have led to laser [3], ion [4) and electron (5] beam-induced
depositions of gold. Similarly, organopalladium (6] and organoaluminum (7]
precursors have been used to deposit pure palladium and aluminum films. We
report here the use of trimethylamine aluminum hydride (TMAAH) complex for
the production of pure aluminum films via laser-induced chemical vapor deposition.

EXPERIMENTAL

Trimethylamine aluminum hydride was synthesized by reported procedures
(8]. The isolated crude product was purified by sublimation at 40 °C (30 um
Hg) to obtafn a white crystalline solid. The ambient vapor pressure of the
purified product was measured with a capacitance manometer after several
freeze-pump-thaw cycles and is approximately 2 Torr at 25C. This measurement
is consistent with that reported for the 2:1 adduct (9] of trimethylamine to
aluminum hydride, as shown in Figure 1. Although this precursor is air and
water sensitive, it will not spontaneously ignite in air. The purified material
has a melting point of 75 °C and is thermaily decomposed to aluminum metal
between 250 and 300 °C. Thermal decomposition has been observed to be catalysed
by the presence of aluminum metal. The complex was allowed to equilibrate finto
a static vacuum chamber for the deposition experiments. The sample and chamber
are translated with respect to the focused laser beam, thereby allowing the
deposition of ltines.

The laser-induced deposition of aluminum was carried out with the TEMgg
mode of an argon fon laser (American Laser 909 and Coherent Innova 20)
operating at 514 nm. The beam was expanded (3X) and collimated with a telescope
then focused through a microscope objective (0.2 NA). The measured beam
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diameter 1s approximately 9 + 1.0 .m at 1/e intensity points and was roughly
Gaussian. The substrates used for deposition consisted of silicon wafers with
a thermally grown oxide layer (0.2 ,m thickness) or a cured polyimide layer.
In some cases, lines were deposited between evaporated 0.2 ,m thick Cr/Au pads
to enable the measurement of the resistance of the laser-deposited 1ines by
a 4 point electrical probe. The resistivities were calculated after measuring
the thickness and widths of lines by stylus profilometry. Several lines were
examined by scanning Auger electron spectroscopy (SAES) at Surface Science
Labs in Mt. View, California. The lines were also examined by SEM using a
Philips 505 microscope with computer enhanced imaging.

RESULTS AND DISCUSSION

The molecular structure of the 2:1 complex of trimethylamine to aluminum
hydride {s depicted in Figure 1. The trimethylamine ligands are used to
stablize the highly reactive alumiaum trihydride species and other alkyl
substituted amines may be used for this same purpose.

H

~

N
J H
]
Z ’l" /
\\\/
l H
N

Figure 1

Molecular structure of the trimethylamine aluminum hydride (TMAAH) species
used for the laser~induced deposition of aluminum. The 2:1 complex is depicted
without the methyl groups on the amine iigands.

Lines of aluminum were deposited under varying conditions of laser power, scan
velocity and onto various substrates. The abilfty to 'write' lines of aluminum
at rapid velocities was noted at severa) laser powers. Lines with resistivities
of 2 to 4 times bulk aluminum (2.7 .Q-cm) were produced on Si02/S1 substrates,
independent of the scan velocity up to 150 .m/s. Using a smaller focal spot
size (3 .m), 2 «m wide lines were formed at scan velocities up to 600 um/s.
Several laser-deposited 1ines were analyzed by SAES. In general, the top-surface
was highly oxidized from environmental exposure and contained some carbon.
Argon 1on sputtering to 200 A revealed relatively clean aluminum (95 to 97
at. X). Some oxygen content was noted, but was believed to arise in part from
the $102 surface (silicon peak {s observed) and in part from the surface
roughness of the aluminum lines, which may cause uneven sputter etching. As
can be seen in Figure 2, the laser-deposited lines formed on $102 over silicon
have a rough surface morphology and are highly crystalline. Limited analytical
data indicates that the deposit resitivity correlates with the deposit purity.
An aluminum 1ine with a resistivity of 7.4 ,0-cm was found to be 97% aluminum,
while a line with a resistivity of 14.2 ,.0-cm was 95% aluminum after depth
profiling to 200 A with oxygen being the only impurity observed.
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Figure 2

Scanning electron micrograph of a laser-deposited aluminum Tine produced from
TMAAH. The 1ine thickness 1s 3.6 .m with a calculated resistivity of 7.2 uq-cm.

The high volatility of TMAAH (2 Torr) affords rapid rates of deposition
and enables rapid scan velocities to be used. At this time, the rates of
aluminum deposition are believed to be mass-transport limfted and further
detailed experiments are underway. Thus, after heterogeneous nucleation, the
rate of diffusion of TMAAH to the laser-heated reaction zone may be the
rate-1imiting step.

Figure 3
Scanning electron micrograph of aluminum 1ine deposited onto polyimide from TMAAH.
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The laser-induced deposition of aluminum onto polyimide films has also
been demonstrated. The aluminum lines formed on this substrate have been found
to possess smaller grain sizes (Figure 3) than the deposits formed on S$102
on silicon substrates. This s presumably due to the lower laser powers
required for deposition onto polyimide without damage. Also, at Yow laser
powers and fast scan velocities, the formation of periodic line structures is
observed. These structures are produced because of the much higher surface
reflectivity of the thin, aluminum deposits relative to the polyimide sub-
strates. At the low laser powers, the surface temperature decreases with the
increasing thickness of the reflecting aluminum deposit and deposition stops
[10). Deposition begins again as the focused laser beam encounters a fresh
absorbing polyimide surface, This cycling of surface temperature results in
the formation of periodic aluminum structures on polyimide.

The laser-induced deposition of aluminum has been extensively explored
through the use of trialkyl aluminum complexes. In general, the trimethyl and
triethyl complexes yield poor quality deposits. On the other hand, triisobutyl
aluminum (TIBA) has been utilized to produce pure aluminum films by CVD [11)
and by a clever two-step, laser process (12]. TIBA decomposition is believed
to occur via p-hydride elimination, forming a surface-adsorbed diisobutyl
aluminum hydride spectes [13]. The formatfon of aluminum hydride species were
also impliicated by Zhang and Stuke [14] as being fmportant for the production
of pure aluminum films in photochemically initiated deposition from several
trialkylaluminum complexes. Recently, dimethyl aluminum hydride (DMAH) [15]
was used to prepare pure aluminum films by high-power UV laser-induced
decomposition. Although both photo and thermal effects are important in the
latter work, the use of the aluminum hydride precursor appears critical to
achieving pure fiims of aluminum. Further evidence supporting the importance
of aluminum hydride species in producing pure aluminum films is demonstrated
in this study via the pyrolytic decomposition of TMAAH.

CONCLUSIONS

The laser-induced deposition of high purity aluminum has been achieved
through the use of trimethylamine aluminum hydride (TMAAH). This precursor is
volatile, non-pyrophoric and yields high purity, highly conducting aluminum
deposits under a variety of process conditions on S102/S{ and polyimide
substrates. The hydride structure is believed to be an important factor in
the formation of pure aluminum films. The volatility of TMAAH affords rapid
rates of deposition and enables rapid 'writing' velocities to be realized.
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STUDIES OF LASER-INDUCED SURFACE REACTIONS
BY SURFACE TEMPERATURE MODULATION TECHNIQUES

PAUL B. COMITA®, DANIEL R. STRONGIN', and TOIVO T. KODAS'"
.[BM Resecarch Division, Almaden Rescarch Center, 650 larry Road, San Jose, CA 95120
Chemical and Nuclear Engineering Dept., University of New Mexico, Albuquerque, NM 87131

ABSTRACT
a7

Two relaxation techniques are described, both of which use surface temperature modulation
as their basis. In these techniques, modulation of laser light intensity results in a modulation
of surface reaction rates. The first technique, a difTusive transport relaxation technique, has
been developed to study the chemical reactions occurring under the high pressure conditions
used in laser-induced chemical vapor deposition. Perturbation of the reaction rate in a high
pressure reactor produces transients in the gas phase reactant and product concentrations for
the casc of gas phase transport-limited deposition. The product specics are differentiated fron,
species formed from the reactant during ionization and fragmentation due to the phase-scnsitive
naturc of the detection scheme. The system response is cxamined theoretically by examining
the response ol the gas phase reactant and product concentrations to the modulated surface
reaction. The second technique is a new technique which has been developed for obtaining
detailed information concerning reaction energetics and pathways of clementary surface reac-
tions. This technique also employs a laser to generate a surface temperaturc modulation. The
laser light is incident on a purc metal film which is mounted within an ultra high vacuum
chamber. By modulating the laser intensity, the surface chemical reaction rates are modulated.
The combined use of surface temperature modulation and appropriate linearization methods
allows a quantitative analysis of the overall reaction energetics to be made, and is used here
to investigate the surface processes in a thermal laser-induced reaction.

INTRODUCTION

The surface chemical reactions which occur during laser-induced chemical vapor deposition
determinc the purity of the deposit and the deposition rate, two characteristics which determine
the usefulness of a particular reactive system[1]. High pressurcs, on the order of 1 to 1000
Torr, are necded in many cases in order to achicve the rapid surface reaction rates which arce
required in a number of practical applications[2]. Under these conditions, a number of physico-
chemical processes can influence the laser-induced surface reactions. The high deposition rates
can result in a surface reaction rate limited by the flux of reactant from the gas phasc to the
heated region of the surface. A further complication is that reactions can occur both on the
surface and in the gas phase. Thus, in order to study lascr-induced rcactions which occur in
the high pressure regime, the influence of gas phasc processes such as diffusion and chemical
rcaction on the surface reactions must be understood. In an effort to study laser-induced
processes under high pressure conditions, we have developed a technique in which the concen-
trations of gas phase species above a surface reaction 7zonce arc modulated by perturbing the
laser light intensity[3], and have uscd it for derermining the products of laser-induced chemical
vapor deposition reactions.

In order to investigate the detailed clementary chemical processes which occur only on the
surface, a different experimental technique must be emploved. The experiment in this case
again uscs the surface temperature modulation to produce a perturbation in the surface reaction
rate, but in this case the perturbations in sutface rcaction rates result in {luctuations in the
scattered intensity of product molecules. The fluctuations arc measurcd directly using a line-
of-sight detector. For the reaction under study, the mass balances of the adsorbed species are
formulated. These are given by the rate expressions describing adsorption, desorption, and
surface reactions. The set of coupled differcntial cquations which describe the surface reaction
system are linearized about steady state valucs and combined with a lincarized mass balance
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on the gas phase reaction products. The system transfer function developed in this way is
then compared to the experimentally determined input and output signals, and the validity of
the proposed kinetic model can be examined. The energetics of the clementary surface reactions
can be extracted dircctly from the experimental responsc using this surface temperature mod-
ulation technique.

EXPERIMENTAL SYSTEM

The experimental design for the high pressure experiment consisted of three differentially
pumped vacuum chambers. The high pressurc chamber, to which the reactant gas was admitted,
contained the substrate which formed thc interface between the high pressure region and the
high vacuum region. At sufliciently low laser modulation frequencics, the surface temperaturce
can be modulated thereby producing transicnts in the surface rcaction rate which in turn result
in modulation of the reactant and product fluxcs to the surface. At sufficiently high pressures,
the transients in reactant and product fluxes to the surface result in modulated reactant and
product concentrations in the gas above the surface. The heam passing through the aperturc
enters a differentially pumped chamber which contains a quadrupole mass spectrometer.  Sce
Reference 3 for a more complete description of this experimental apparatus.

In the experimental design for the UIIV scattering cxperiment, the reactant is admitted to
a heated metal surface mounted in a UITV chamber (basc pressure 1x107"" Torr) by a collimated
molecular beam formed by either a multicapillary array or a nozzlc apertured by a skimmer
(see Figure I). The rcactant bcam impinges on the surface and the scattered products arc
detected with a quadrupole mass spectrometer. The product ions arc detected synchronously
with the laser light modulation, and are digitizcd to cnable signal averaging. The experimental
apparatus also incorporates Auger elcctron spectroscopy and secondary ion mass spectrometry
to determine the surface composition before and after reactive scattering. In addition to lascr
heating, the film can be resistively heated to detenine the encrgetics of the desorption reactions
independently of the surface temperature modulation experiment.

UHV Chamber

b Quadrupote
mass-filter

Molecular Beam

Figure 1. Schematic of UIIV Reactive Scattering Apparatus.
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RESULTS AND DISCUSSION
High Pressure Experiment

The amplitude of the rcactant signal frem the molecular beam is proportional to the
change in the rcactant concentration at the surface as the surface temperature is modulated.
Thus, the reactant signal amplitude can be obtained by solving the steady state difTusion
equation in spherical coordinates if the reactant and product concentration profiles reach a
sicady statc with respect to the temperature during cach laser on cycle.

Moo
IA~"Aoo—”A(a)=I—4Kn m
+.—

3

Equation (1) gives the signal amplitude dependence on the surface rcaction rate and total
pressure, where /4 is the reactant signal anplitude, n4.., is the reactant concentration far from
the deposit, n4(a) is the reactant concent.ation at the surface, K is the Knudsen number, and
a is the reaction probability[3]. For an efficient surface reaction (a ~ 1) and high pressure
(Kn < < 1), n{a) goes to zcro when tac laser is on, while the sampled reactant concentration is
equal to ny(a) =n4,, when the lascr is ofl. If a phase scnsitive detector, such as a lock-in
amplifier is used, the signal amplitude will be proportional to the gas phase concentration far
from the deposit, 74~ ng,,. This situation can be achieved experimentally by operating at
sufficiently high pressurcs and laser powers since Kn is inverscly proportional to the total
pressure and « is usually an increasing function of the laser power. It is difficult to obtain
information about the details of the surface chemical kinctics since the signal amplitude 1,
does not depend on a for these conditions. [lowever, the time to approach steady state during
cach laser pulsc can provide information about the time for the surface temperature profile
and the gas phasc concentration profile to reach a steady state. In addition, this case provides
the strongest reactant and product signals and as a result is the most useful operating regime
for determining the product distribution.

FEquation 1 shows that for sufliciently large Kn /@, the reactant signal /4 from a phase-
sensitive detector is proportional to 3n & [4Kn. In practice, this hehavior can be obtained
for sufficiently low pressures and low laser powers. In this regime, the reactant signal depends
on a, but signal amplitudes arc weaker than for the casc of diffusion-limitcd operation. Indeed,
in the limiting case of Kn/a >> 1, the rcactant concentration at the surfacc during reaction
is always nearly the same as its concentration far from the deposit and no signal should be
observed.

The amplitude of the product signals is related to that of the reactant signals through Eq.
2. The concentration of a product (C) at the surface can be obtained as long as the reactant
and product concentrations arc much less than the bulfer gas concentration. For the case
where the laser modulation frequency is sufficiently low to allow a steady state product con-
centration to be achicved during cach laser on cycle, of the product/bulfer gas system. The
product signal amplitude is proportional to the concentration of the product at the surface
when the laser is on,

D n
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and Ic~(D4g! Dcp)ly for all Kn|a, where D¢ is the binary diffusion coefficient. Thus the
product signal amplitude is different from the reactant signal amplitude because of the factor
D4g! Dcg and should exhibit the same dependence on the reactant and total pressures and
laser power and modulation frequency as the reactant signal amplitude. Tiquation 2 shows that
for a sufficiently high reaction rate and total pressure, the reactant concentration near the
surface goes to zero when the laser is on and a negative signal (out of phase with the lascr
light) is obtained for the reactant. Similarly, the concentration of product at the surface
increases to some value when the laser is turned on and a positive signal (in phase with the
laser light) is obtained for the product. Thus, the signs or phases of reactant and product
signals are opposite. This suggests that if the parent molecular ion can be detected, product
and reactant signals can be differentiated.

The predictions of the theory for the dependence of the signals on the total pressure and
reactant partial pressure can be compared to the experimentally observed dependences for the
case of gold deposition using MeaAu(hfac). Transient signals were abserved due to modulation
of the laser light for sufficiently high pressures and laser powers (small Kn/a) as expected
theoretically (Eqs. | and 2). Both reactant and product signals were observed (see Figure 2).
Since the products undergo many collisions prior to being sampled by the orifice, the product
distribution can be influenced by reactions occurring in the gas phase. The ion signals can be
used to deduce the identity of the desorbed product specics formed by the surface chemical
reactions since theory predicts that reactant and product signals will be opposite in phase. This
is important for complex precursor molecules such as MezAu(hfac) which can fragment during
ionization in the mass spectrometer to form species identical or similar to reaction products.

Figure 2 compares a spectrum [rom mjc 70 to 230 obtaincd with this tcchnique (top
spectrum) and a reference mass spectrum of MezAu(hfac) in the same mass region obtained
in the absence of surface reaction (bottom spectrum). The molecular ion signal is out-of-phase
with the laser light due to depletion of the gas phase reactant number density by surface
chemical reaction. The high m/e signals with the same phase as the molccular ion are daughter
ions of the molecular ion, and have been assigned by analogy to other metal acetylacetonates[4].

Signal Amplitude {arbitrary units)

F ) - .~ JLA_'_A.‘

i L i d 1 . .
70 20 110 130 150 170 190 210 230

m/e
Figure 2. Mass spectrum obtained during reaction with modulated surface temperature tech-
nique (top spectrum) and spectrum obtained in absence of deposition (bottom spectrum).
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The low m/e signal transicnts arc derived mainly from reaction products and their daughter
jons. These transients increase in amplitude when the lascr light turns on since the gas phase
concentration of these specics increases as the result of production by surface chemical reaction.
An cffect that can complicate the interpretation of a mass spectrum is that the intensity of a
product ion can have two sources: the product ion itself and daughter ions of the reactant ani
other products. Since the product and reactart signals have opposite phases, the product ion
signal intensity can be reduced or possibly inverted depending on the relative intensity of the
sources. Thus, complete reactant and product mass spectra must be obtained in order to
determine quantitatively the product distribution.

UHYV Reactive Scattering Fxperiment

The general theoretical formulation for this experiment has been described recently by
Engstrom and Weinberg [5). ‘The measured responses for the reactive scattering experiment
are described by the transfer function G(p) for the reactions which are under investigation. The
detailed form of the transfer function is dependent upon the rate expressions which describe
adsorption, desorption, and surface reactions. For the use of line-of-sight detection, the
scattered intensity Rg(f) of the product molecules is measured. ‘Fo relatc this quantity to the
transfer function and the driving function (the surfacc temperaturc modulation), the detailed
mass balances on the surface species and the gas phase specics must first be found. These
equations arc linearized about their steady state valucs, and the Laplace transform of these
equations are cvaluated.  After combining transformed cquations, the gencral form of the

equations are

RE(P) = G(p)T*(p) 3

where p is the transform variable, 7(p) is the input function, and R¥(p) is the output function.
By making the substitution p=iw for the transform variable, we can find the experimentally
measured quantities, the amplitude ratio AR(w) and the phase difference ¢(w) of the input and

output functions, which are given by
AR(w) = |Gliw)| $(w) = arg[ G(iw)). @)

The technique thercfore involves finding the specific form of the transfer function for the
specific class of surface reaction being investigated.

It is useful to restrict the scope of this discussion to the particular class of surface reaction
which we have chosen to study, the surface reactions of aluminum alkyls. These molccules
have in some cases been shown to deposit pure aluminum [6], and arc also useful in the
formation of compound semiconductors [7]. The experiments which establish the rate equations
are described first for the dissociation of AKCH3)y on aluminum surfaces, and the class of
surface reactions and the transfer functions are then described.

The reactant beam is composed almost cntirely of the dimer of Al(CH13)3 at room temper-
ature. The scattered product specics from the dimer molecular beam which we have identified
are Cll4, CI13 (methyl radical), and the monomer AI(CII3)3. Temperature programmmed
desorption experiments werc carried out in order to cstablish the temperatures which are
rclevant to cach specific reaction channnel. These experiments were performed in the UIIV
chamber on a clean aluminum surface, using a lincar temperature ramp of 16K/second. The
CHg and Cl3 signals increase in intensity starting at 350°C to 400°C, and continue to risc up
to the highest temperature achicvablc on the aluminum surface. The signal from ACI3)3
has a completely different behavior and the rate of desorption of this specics has a maximum
at 3942°C and is shown in Figure 3. The signal ohserved (m/e 57) corresponds to a signal
from the monomer A(CI13); and not the dimer (ACHj3)3)2. This is determined by obscrving
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the signal intensity of m/e 129, which shows no temperature dependence in this region (sce
Figure 3).

m/e 129
g
; VA
i _
£
2
2
£
B
=
2
o
5 m/e 57
L AL ] )l |
0 75 150 225 300

Surface Temperature (°C)

Figure 3. Temperature programmed desorption spectrum of product ions m/e 57 and 129 after
dosing Al surface with (TMA),.

The surface temperature modulation expenmcnts were performed in the pressure range of
10% 10 10”7 Torr. Each scattered product species displays a modulated intensity which is time
correlated with the surface temperature modufation. The signat intensity as a Function of time
for m/e 57, the ion signal which corresponds to the ACHj); monomer, are the result of the
dimer unimolecularly reacting on the surface to form the monomer of AI(C'113)3. The product
is trapped in this case for a significant period of time with respect to the average residence
time of the reactant on the surface and the modulation period of the temperature forcing
function. The subsequent analysis will be concerned with only this reaction channel and not
with the higher temperature CHy/Cl13 reaction channel. In order to compare these signals to
an experimentally predicted signal, the transfer function lor this case must be obtained.

A limiting form of the system transfer function can be obtained if' a number of simplifying
assumptions are applied[5]. These assumptions are approximations to the parameters involved,
but are physically realistic for this case. They are (i) the adsorption reaction of the reactant
is essentially independent of coverage and surface temperaturc with respect to the desorption
and surface reactions; (i) both the desorption of the reactant and the surface reaction are first
order; and (iii} the rate parameters arc independent of coverage. The transfer function has the
form

(play) ) i ,
ty2Glp) = rdz[m] h.,[m;;{’- G'(p) (5)

where

& —hy
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The data has been acquired as a function of steady statc temperaturc, and agrees reasonably
with the temperature dependence of this form of the transform function, using energics which
have been either measured or can be well approximated.

SUMMARY AND CONCLUSIONS

Two experimental techniques have been developed to investigate laser-induced surface
reactions. The first allows the rapid and simple identification of reaction products from a
laser-driven, thermally activated surface chemical reaction carried out at high pressures, typical
of the conditions which arc most uscful for high deposition rates. The second technique is
useful for studying surface reaction dynamics in detail, in that elementary surface reaction
parameters can be evaluated in a straightforward manner.
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LASER DEPOSITION OF GOLD

JEFFREY A. SELL, MARTIN S. MEYER, AND GREGORY P. MEISNER
Physics Department, General Motors Research Laboratories, Warren, MI, 49090-9055

ABSTRACT

Metallic gold was deposited on several different substrates by laser pyrolysis of a gold-
containing ink. The gold was deposited in the form of lines by translating the substrate
during laser pyrolysis; linewidths ranged from 10 pm to 1.5 mm. This process was performed
in open air. Prior to annealing, the films contain 40 to 50 % carbon impurity and the
resistivity is extremely high. After a 1 hour anneal in air, the carbon content is reduced to
< 5 %, and the resistivity is reduced to roughly 13 times bulk gold. Further improvement
may be possible with a different annealing schedule.

INTRODUCTION

The field of laser direct-write metallization has received a great deal of attention lately
due to the prospect of maskless pattern generation for integrated circuit fabrication or repair.
Laser deposition of Au has been demonstrated previously[1-14]. Indeed, the literature in this
area is so extensive that we can not attempt to review it here. However,in order to distingunish
the present work from that published previously, it is helpful to categorize the different
types of laser deposition of metals. One method of categorizing laser-induced metallization
is based on  the type or phase of precursor used. We use the term precursor here to
mean the metal-containing species from which the metal is deposited. Many experiments
utilize an organometallic compound which may be a liquid or a solid at room temperature.
Typically,{2-7] the precursor is held at a fixed temperature and the small but finite vapor
pressure is admitted into an evacuated cell where the deposition is conducted. This points
out the difficulty of potential scaleup of these types of laser deposition, namely the need for a
cell or chamber. In addition, maintaining deposit-free windows is often a problem. Another
category is experiments where metals are deposited from electrolytic plating solutions using
laser assist.[13,14] Lately, much attention has been devoted to laser deposition from thin
metallopolymer films,(8,9] a technique which can be accomplished in air without the need
for a vacuum cell. Closely related to this is laser deposition from metal-containing inks.[1]

Another method of categorizing laser metallization experiments is based on whether the
deposjtion mechanism is predominantly photothermal (pyrolytic) or photochemical (pho-
tolytic).[15] The advantage of deposition using the photolytic mechanism is that the thermal
stress to the substrate is not as severe as in photothermal deposition. However, the thermal
stress may not actually be too damaging in cases where the linewidth is small and a large
fraction of the thermal energy is generated and dissipated above the substrate within the
gascous or liquid layer containing the precursor. In addition, photolytic type precursors are
often more difficult to handle due to their sensitivity to room light. Finally, photothermal
deposition rates often exceed photolytic rates by several orders of magnitude.[15)

In the present work, we discuss deposition of gold from a gold-containing ink on various
substrates. Gold was deposited on glass and quartz using a CO3 laser and on Si, alumina,
brass, sapphire, and SrTiO3 using an argon laser. We believe the mechanism to be largely
thermal in both cases, involving heating of the substrate and subsequent decomposition of
the ink in the case of the CO; laser. In the case of the argon laser, the beam is absorbed
directly by the ink which decomposes, leaving a gold film. Although this study is an extension
of previous work by Jan and Allen[1], Fisanick, Gross, and coworkers(8,9], and Houlding et
al.[10,11] we used a different gold-containing ink, worked with several additional substrates,
and characterized our resulting films extensively.
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Ar or COp Laser -
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Figure 1. Block diagram of the experi- Figure 2. Transmission spectrum of the
ment. gold-containing ink.
EXPERIMENTAL

The laser direct-write deposition experiments were conducted in the geometry shown in
Fig. 1. The substrate was mounted on a xy translator driven by a constant velocity actuator.
Translation speed was controllable between 32 and 320 um/s, allowing localized temperature
regulation and thus precise patterning. Heating was provided by a beam from either a CO;,
laser or argon ion laser focused and directed normally onto the substrate. The CO; laser
was a GTE Sylvania Model 950 which was operated typically at 0.2 to 1 Watt power. The
argon laser was a Spectra Physics Model 171 tuned to the 514.5 nm spectral wavelength line
with up to 3 Watt power. A 10 cm focal length lens was utilized for the argon beam and a
25 cm focal length ZnSe lens was used for the CO3 laser beam.

Although a variety of substrates were used, the surface preparation of each was quite
similar. The gold ink solution[16] was diluted 50/50 by xylene and dropped onto the sub-
strate. Some redistribution of the drops was required to achieve a fairly uniform coating of
ink. The sample was then translated under the laser beam in air, decomposing the ink and
leaving a gold film. The residue left behind was washed away with xylene.

Resistance measurements were performed utilizing a standard 4-point probe technique.
Electrical contacts between the gold stripes and 2 mil platinum wires were made with silver
paint baked at 60 °C for 5-10 minutes. Voltages were measured at various dc currents which
were reversed at each measurement to eliminate thermal and other background voltages.
Resistances were determined by averaging the voltage divided by current for the forward
and reversed current directions. Resistances at 77 °K were measured by immersing the
samples in liquid nitrogen.

RESULTS AND DISCUSSION

Gold Ink

The gold ink used here[16] was a proprietary mixture of an unknown organometallic gold
compound and various solvents, resins, and oils. Briefly, the ink contains 8 to 10 % gold
by weight, and 62 % solvents by volume. Lower concentrations of Fe and Bi have also been
detected.

Fig. 2 shows a visible transmission spectrum of the ink, where strong absorption in
the blue is found. The 488 and 514.5 nm lines from the argon laser are both strongly
absorbed. Converting this data into an absorption coefficient requires an accurate value for
the thickness of the liquid layer which we have not yet been able to determine. Likewise,
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Figure 4. ESCA depth profile (by ion
sputtering) of Au film:(a) as—deposited
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Figure 3. Thermal gravimetric analysis
of gold ink.

10.6 um radiation is absorbed by the ink, but we do not yet have an absorption coefficient
for the same reason.

Fig. 3 shows a thermal gravimetric analysis (TGA) of the ink. This first wave in the
TGA shows rapid weight loss at low temperature which could be due to both turpentine and
perchloroethylene evaporation. The second wave is probably due to evaporation of cyclohex-
anol, commencing about 160 °C. The last wave may well be decomposition of higher boiling
components as well as the organometallic, which typically decompose at higher temperatures
such as in this 275-470 °C range.

Substrates

We demonstrated deposition on several different substrates, many of which have different
potential applications. Deposition of fine gold lines on Si may be important for integrated
circuit interconnects and contacts. Conducting lines on alumina have potential use in hybrid
circuits. Gold conductors on sapphire and SrTiO3 may be useful for connecting to high T,
superconductors for resistivity measurements and for future circuit applications. Finally, we
demonstrated deposition on zinc and brass since gold is commonly used on electric contacts.

co

With the COj laser, gold was deposited on glass and quartz substrates. In these cases,
we were not attempting to write fine lines, but rather desired lines on the order of 1 mm
wide which would be used for characterization. Here, the thermal decomposition was quite
obvious since a “bow wave” preceded the beam and a gold colored film was left behind. The
best results have been obtained with ink layers that are not completely dry. Ink films that
are either too dry or too thick seem to only partially decompose, leaving bubble-filled resin
along with some gold. Quantification of the optimum thickness will be attempted in the
future as well as spin-depositing the liquid ink to improve uniformity.

Depositio

Figure 4 (a) shows a depth profile of the film before annealing obtained by x-ray photo-
electron spectroscopy with ion sputtering and Figure 4 (b) shows it after annealing at 425
°C for 1 hour. Before annealing, the film contained 50 to 60% gold with carbon as the main
impurity, as well as some Bi. After annealing, the film was roughly 95% gold.

X-ray diffraction of the annealed gold film showed only fcc gold to be present, and the
lattice parameter derived matched the handbook value for gold within 0.09 %. An x-ray
analysis of the unannealed film showed the same peaks, but less intense than the annealed
film. This is probably due to partial disordering from the impurities present (mainly C).
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SEM analysis of the films revealed a granular morphology with very prominent cracks
near the edges of the film. However, the cracks did not appear to be present in the center
of the films. A granular morphology in gold films has been observed previously(11] and
attributed to the high interfacial surface tension between the gold and the glass as well as
the high surface mobility of gold.

Determination of the thickness of the films proved to be a difficult task. Stylus profilom-
etry was unsuccessful due to a slight sag in the center of the films due to softening of the
glass by the CO3 laser beam. Thickness determination by XPS depth profiling was uncertain
due to lack of a suitable standard for sputtering rate of thin gold films. Optical transmission
measurements were complicated by lack of an accurate value of the index of refraction of
contaminated gold films and by microcracks in the films. Thickness measurements by elec-
tron microprobe scans{17] across the films finally revealed a thickness of the order of 300
A. The ultimate thickness of the gold films that can be achieved is not yet known. It is
expected that the film thickness will ultimately be self-limiting since the reflectivity of Au
at 10.6 pm is > 99 % for bulk gold. The reflectivity of thin films will depend strongly on
the film thickness, increasing as the thickness increases.

The resistance of an air-annealed film (AU1) and an as-deposited film (AU3) both at
room temperature and liquid nitrogen temperature were ohmic in nature over at least four
orders of magnitude of applied currents. Sample AU3 had a room temperature resistance of
5904 §1 and decreased to 4928 Q at 77 °K. Sample AU1 had a resistance at room temperature
of more than two orders of magnitude lower, 39.1 2 and dropped to 30.3 Q at 77 °K. The
dimensions of the films were 0.095 cm wide by 0.732 cm long by 250 A thick for AU3 and
0.15 cm wide by 0.673 cm long by 320 A thick for AU1, giving resistivities of 1.9x103xfcm
and 28 uQcm for samples AU3 and AU, respectively, at room temperature. The resistivity
of the air-annealed film is hence about 13 times the resistivity of bulk gold, 2.214 xQ cm.{18]
A measure of the thermal coefficient of the resistivity for these gold films is given by the
ratio of the room temperature to the low temperature resistance. This ratio is 1.2, 1.3, and
4.85 for AU3, AUL, and bulk gold, respectively. Both the lower resistivity and the larger
resistance ratio for the annealed film AUl are consistent with substantially less disorder
in the annealed film compared to the as-deposited film. Another possible source of high
resistivity could be the thinness of the films. However, by considering the dependence of the
resistivity on thickness and electron mean free path[19] , we estimate that the contribution
to the resistivity from the thickness is only on the order of 1 uflcm. Hence the main source
of resistance in the films is impurity and disorder. Further improvement in resistivity may
be possible through optimization of the annealing schedule.

The only measure of adhesion we have at this time is the scotch tape test. The gold films
on glass and quartz passed the test repeatedly; it was also found that the tape helped remove
some of the resin residue at the edges of the gold film. The films on the other substrates
were less adherent; in general they passed the test in some regions but did not adhere in
others. We believe that this is at least partially due to the fact that we did not pretreat or
clean the substrates prior to deposition.

Argon Laser Deposition

Figure 5 shows an optical micrograph of lines depasited on Si using the argon laser at
3 W with the sample translated at 320 um/s. It can be seen that the edges of the gold
line are reasonably sharp and that the film is free of ripples. Some of the residue that did
not get removed in the xylene wash can been seen clinging to the edge of the film. A more
vigorous wash with the solvent is expected to remove the residue. We expect that lines more
narrow than 10 pm can be deposited with a more tightly focused beam. Jan and Allen]l]
have shown that film widths considerably smaller than the laser diameter can be deposited
due to the nonlinearity of the process.
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Figure 5. Optical micrograph of gold Figure 6. Temperature versus translation
lines deposited on Si. velocity calculated for a CO3 laser beam
on quartz. Laser parameters: R=0.01

Laser Pyrolysis of Ink cm, P=0.6 W.

In this section we discuss a tentative mechanism for the deposition, namely pyrolysis of
the gold-containing ink. We are describing the deposition of gold on quartz or glass by the
COj; laser since the substrate in this case absorbs the beam. As stated above, the ink also
absorbs the COg laser radiation. However, the heating of the ink and substrate seems to
cause a forced convection current in the ink that effectively thins the ink ahead of the beam.
Based on the ratio of densities of gold (19.3 g/cc) to the ink (roughly 2 g/cc) and the final
gold lager thickness of 300 A, we estimate that the ink layer thickness prior to decomposition
is 3000 A. The absorption of the CO; by this thin layer of ink compared to that by the
substrate is estimated to be small. Thus, for simple modeling purposes, the ink absorption
will be ignored. The goal here is merely to calculate the surface temperature of the substrate
and show that it is high enough to decompose the ink.

We follow the procedure of Cline and Anthony|[20], assuming a semi-infinite solid and a

laser beam moving with velocity v. For a gaussian beam of total power P and spot radius
R,

P 3
- ~(r/V2R)
Q= 2xR? ¢

where
P =(z-vt)+ ¥

the temperature rise T(z,y, z,v) at point z,y and depth z is given by

. - 2
i _P(1-R) = 1 e~l((s+9t)2+y?)(3R*+4D) '+ ;) _
T(z,y,2,v) = 2C /0 7Dt (2R + 4D) dt !

- where p is the density, C is the specific heat, and D is the thermal diffusivity and R, is the
surface reflectivity. Note that this expression was derived assuming complete absorption of
the radiation at the surface of the solid. It would therefore be valid for the materials that
have a large absorption coefficient. We have evaluated this sxpression using the IMSL routine
QDAG to perform the integration. A resulting plot of temperature at the surface versus
translation velocity is shown in Figure 8, for thermal properties of quarts and 0.6 W of CO;
laser power. As expected, the peak temperature decreases slowly with increasing velocity,
since tl}e'therma.l diffusion length is greater than the distance moved in this velocity range.

’
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At the velocity used in the experiment, 320 um/s, the peak temperature rise calculated is
585 °C for 0.6 W. From the TGA analysis of the ink (Fig. 3), this temperature should be
sufficient to decompose the ink. In fact, from Fig. 6, substantially higher writing speeds
should still decompose the ink.

Note that this assumes that the peak temperature of the ink is the same as that of
the substrate. This probably is not quite true due to thermal diffusion, but the thermal
conductivity and heat capacity of the ink are not known presently, so that a calculation of
the peak ink temperature is not possible at this time.
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ABSTRACT

An investigation is reported of the laser surface .cladding
of an alloy of nominal composition Ni-4Fe-30Cr-6Al (wt}) on a
mild steel substrate, using a continuous powder feed of the
elemental powder mixture into the melt pool. The effect of
laser processing conditions has been investigated in relation
to clad dimensions, bonding, dilution level, hardness and
microstructural features. A 2 kW CW CO; laser was used working
at 1.6 kW power and 2.5 mm beam diameter at different traverse
speeds ranging from 1.8 to 25 mm/s; clad layers were produced
in the range of 0.15-3 mm thick. Fine microstructures were
obtained (corresponding to the rapid solidification rates).
Good metallurgical bonding was observed between the clad layer
and substrate within the range of specific energies, 50-130
J/mm2 . For all the conditions studied, no cracking was
observed in single tracks; low specific energy conditions gave
little porosity.

INTRODUCTION

The availability of high power lasers in recent years has
led to a range of applications in materials processing,
including the field of surface engineering. Surface alloying
and cladding have been investigated using prealloyed powders on
mixtures of elemental powders e.g (l1). The objeqtives of these
investigations include the attainment of improved surface
properties such as resistance to ‘corrosion and wear. Control
of the dimensions, structure, and properties of the prccessed
layers (tracks) is achieved by control of laser parameters
(power, traverse speed, and beam diameter) and of powder
composition and feed rate.

Lasers have also been used to deposit ceramic clad layers of
zirconia based material by continuous powder feed (2), and to
surface melt ceramic layers predeposited by plasma spray
techniques in order to seal some of the porosity (3).

In superalloy technology for gas turbine components, there
is currently extensive interest in the application of coatings,
including both metallic alloys and ceramics, by plasma spraying
(4). MCrAlY coatings (where M can be Fe, Ni, Co or
combinations of these elements) confer protection from
degradation by oxidation and hot corrosion (5). They may also
be applied to superalloy substrates to produce a base
(intermediate layer) on which a ceramic insulating layer can be
deposited.

Recently a CO,; laser has been used to remelt as-cast
NiCrAly (6). It was found that the microstructure after laser
melting consists of two phases, intermetallic NiAl 99 phase)
and Ni solid solution (¥ phase).
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In another investigation (7), laser clad layers of FeCrAly
and CoCrAlY were produced using preplaced powder on a stainless
steel (type 304) substrate. Complete melting of the coating
powder was achieved with metallurgical bonding to the substrate
and excellent oxidation resistance. However, the compositions
of the clad layers were not uniform and microcracks were
observed in the CoCrAlY coating.

The present investigation has explored the feasibility of
producing a clad layer of a M-30Cr-6Al (nominal wt%) type alloy
by laser cladding on a mild steel substrate, using a mixture of
elemental powders. M consisted predominantly of nickel
(nominal 60%) but a small addition of iron was incorporated
(nominal 4%); yttrium was not included in the alloy.

EXPERIMENTAL PROCEDURE

A mild steel substrate in plate form was used and the upper
surface was sand-blasted prior to laser treatment to improve
the absorbtivity. The cladding powder was a mixture of pure
nickel, chromium, aluminium and iron. The analysed composition
of the powder mixture was (wt%,) Ni 60, Cr 30, Al 6 and Fe 4:
(at%), Ni 54.3, Cr 30.3, Al 11.65 and Fe 3.75. This was
continuously fed into the laser melt pool generated in the
substrate which was traversed relative to a 3 mm diameter laser
beam at speeds in the range of 1.8 to 25 mm/s. The powder feed
rate was 10 g/min. Single and partially overlapping tracks
were produced. The laser used was a 2 XW CW CO, type (Control
Laser Ltd) operated at 1.6 kW. During processing, interaction
with the environment was reduced only by an argon flow through
the laser nozzle; no special shielding "dome" was used.

The single tracks were sectioned and metallographically

examined. An etching solution consisting of 10ml HNO, + 30 ml
HC1 + 20 ml glycerol was used for microstructural studies by
optical and scanning electron microscopy. Microhardness

measurements were made using.a Leitz Miniload 2. Compositional
analysis was carried out by electron probe microanalysis (EPMA)
using a JEOL JSM 35 instrument. The phases present were
determined by X-ray diffractometry from partally overlapping
tracks.

RESULTS

Dimensions and Quality of Laser Clad Layers

Fig. 1 shows the effect of traverse speed at constant
power, beam diameter and powder feed rate on the dimensions of
the clad layer. The width of the layer changed relatively
little, 1lying in a range 1.7-2.3 mm, which is smaller than the
beam diameter. The height of the clad layer (measured from the
original substrate surface level) varied little from (0.5 to
0.3 mm) for traverse speeds between 8 and 12.5 mm/s, and then
increased in the speed range 3-5 mm/s to values of 1-1.4 mm.
The degree of dilution as measured from the area of substrate
melted (8) was small (around 10%).

Within the traverse speed range 5-12.5 mm/s there was good
bonding to the substrate (fig. la and b); however, at less than
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3 mm/s the clad tracks were discontinuous (fig. lc). Optical
microscopic examination of the surface of clad- tracks
produced at speed from 5-12.5 mm/s did not detect any cracking.
There was only a small amount of porosity, which .increased
with increasing traverse speed. However, cracking occurred in
overlapping tracks at speeds less than 5 mm/s: cracks mainly
started from the upper surface of the tracks. -

J000m,

d |1000pm ] b

Fig. 1 Clads produced at different traverse speeds (a) 12.5 mm/s, (b)
5 mm/s and (c) 1.8 mm/s.

Microstructural and Compositional Features

Microstructural examination and electron probe
microanalysis was carried out on a track 2 mm in height,
produced with a traverse speed of 3 mm/s. Substantial

variations in structure and composition were found as a
function of position in the track.

In the dilution region adjoining the substrate, the
microstructure appeared to be single phase as viewed by optical
microscopy, for a distance of 10-20 um (fig. 2a). This region
was characterized by a high iron content, as a result of
dilution from the substrate, with a consequent decrease in
content of nickel, chromium,and aluminium as compared with the
bulk analysis. The iron content at a distance of 10 pym from
the substrate was ~55 at%, but decreased markedly with
increasing distance, e.g., values of —~16 at% and-7 at% were
obtained at distances of 60 um and 100 pm, respectively.

At a distance of 50 uym from the bottom of the processed
zone, a fine -scale, two -phase structure occurred (fig. 2b).
Regions of dendritic morphology were present in a "matrix" of
eutectic type structure, the latter apparently being two-phase
in nature with interphase spacings of the order of a few
microns. ' The aluminium content of the dendrites was ~12 at$,
indicative of nickel based solid solution(¥).

With increasing distance from the substrate the structure
became predominantly eutectic (fig 3a), with an analysed
composition (at%) of 15 Al; 28 Cr; 2.5 Fe; balance Ni. Some
small phase regions of high Al content were also present; these
contained (at%): 37 Al; 20 Cr; 2 Fe:; balance Ni consistent
with B phase (based on NiAl). X-ray diffraction examination of
overlapping clad layer (carried out at a central position
corresponding to the predominantly eutectic structure) showed
the presence of B and Y phases; the eutectic structure is
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interpreted as 9onsisting of @ and Y. No superlattice’ lines
coresponding to Y’ phase were detected, but this does not

exclude its possible presence.

b l 0um

\ \
substrate 2 ’ l 30nm l

Fig. 2 Clad produced at 3 mm/s. Microstructures of clad region (a)
adjacent to substrate (Fe content 60 ati near substrate), and (b)
further from the substrate (average Fe content 12 at#l).

Fig. 3 Clad produced at 3 mm/s. Microstructure of (a) central region
of clad zone; predominantly eutectic and (b) upper region of clad
zone.

The upper part of the track to a distance of 9.0 pm from the
top surface showed a different microstructure (fig. 3b). The
dendritic type phase contained ~25 at% Al , indicating that it
was ¥’ (based on Ni,Al), but with a chromium content
substantially less than that of the bulk alloy. The aluminium
content of the matrix (~10 at$%), indicated that it was Y. The
small dark regions were not sufficiently large for EPMA. The
_bulk analysis of this region showed a substantially higher
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aluminium and lower chromium content than that of the nominal
powder mixture.

The hardness was reasonably uniform throughout the clad
zone, at a high value of about 600 Hv.

DISCUSSTON

The microstructural features indicate the attainment of
complete melting and alloying of the powder, followed by rapid
solidification; a cooling rate of the order of 102-10 C/s is
anticipated from other work on laser cladding (9). The
compositional variations in the clad zone reflect the dilution
effect, taking iron from the substrate into sclution in the
clad melt =zone; significant solution of iron extends over a
distance of about 100 pym from the substrate. The decrease in
chromium and increase in aluminum near the upper surface may
result from selective loss of chromium by evaporation during
the final stage of solidification.
The microstructures can be interpreted in conjunction with
the analysis data by reference to the Ni-Fe-Cr-Al system
considering compositions (at%) up tc 60 at3 Ni, 60 at% Fe, 30
Cr, 15 Al; this range covers the bulk cladding mixture and the
modifications produced by dilution. The quaternary phase
diagram is not reported in the literature but certain features
can be deduced, based on liguidus and isothermal section data
from the constituent ternary systems: Ni-Al-Cr, Ni-Cr-Fe and
Ni-Al-Fe (10).
The Ni~-Cr-Al system provides a good basis for interpreting
the undiluted alloy composition (containing only 4 at% Fe).
The phases for consideration are the fcc solid solution of Fe,
Cr and Al in Ni (¥), the ordered cubic phase based on Ni,Al (¥
and the ordered cubic phase based on NiAl /. All of these
phases show substantial solubility for chromium. The liquidu§
includes the reactions: [ —————= ¥ + L 2 '
L+ Y +5; Y+ A-
The Fe-Cr-Ni system, in a range of elevated temperatures,
shows a complete series of solid solutions between chromium and

-iron (bcc), and between nickel and Y¥-iron (fcc). The
structure shows a eutectic/peritectic reaction involving the
two solid solutions.

In the Ni-Al-Fe system, the phase FeAl shows complete solid
solubility with NiAl, and in the nickel rich region the
liquidus reactions involving ¥, ¥’ and J are of the same type
as in the Ni-Al-Cr system.

In the iron enriched regions near the substrate the
solidification sequence is interpreted as primary ¥ , followed
by formation of the & + ¥ eutectic and this is consistent with
the phase diagram data. The main region of the clad material
appears to be of composition close to the £ + ¥ eutectic,

The high hardness observed throughout the clad layer &600
Hv) is interpreted as deriving from the presence of and also
from fine scale ¥’ precipation from supersaturated which is
expected to occur during cooling in the solid state.

CONCLUSIONS v
1. Single clad tracks of Ni-4Fe-30Cr-6A1 (wt%) can be

successfully produced from a mixture of elemental powders in

R P




144

the range of specific energies 50-130 J/mm2.

2. There is relatively small dilution from the substrate, and
freedom from cracking and significant porosity.

3. In the iron rich regions near the substrate the
solidification sequence is interpreted as primary ¥ followed by

+ ¥ eutectic the central regions of the clad layers are
predominantly £ + ) eutectic.
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ABSTRACT

We compare three approaches to excimer laser assisted growth of GaAs: 1) Film growth
is dominated by gas phase photolysis of deposition precursor gases at 193 nm under low
pressure metal organic chemical vapor deposition (MOCVD) conditions. This approach
leads to rapid deposition at low substrate temperature, but with very low spatial resolution
(~1cm). 2) Growth is controlled by laser induced pyrolysis of adsorbed sriethylgallium
(TEGa) at 193 nm under metal organic molecular beam epitaxy (MOMBE) conditions.
Films grown under these conditions have the potential for high spatial resolution (.. sub-
micron), but geometric constraints in MBE conflict with the requirement of a short working
distance between the lens and substrate, making it difficult to attain this limit. 3) Ares-
selective growth is controlled by laser induced pyrolysis of adsorbed TEGa at 351 nm (XeF
excimer laser) under low pressure MOCVD conditions. This approach combines the advan-
tage of laser controlled surface chemistry with the potential for much shorter working dis-
tances.

Selected area growth of GaAs occurs in this latter mode because TEGa dissociatively
chemisorbs at 400°C to form a stable layer which decomposes further under laser irradiation
to liberate hydrocarbon products. The Ga left behind on the surface reacts with As, and
As, (formed by pyrolysis of trimethlyarsine or triethylarsine in a side tube) to grow GaAs in
irradiated areas. Since the gas does not absorb at 351 nm the process is highly area-
selective. Patterned films with feature sizes of ~70um (limited by the mask dimensions)
were grown by this method. Interference between the incident beam and light scattered
along the surface also causes a substructure of paraliel lines to form on the features with a
line spacing about equal to the laser wavelength 0.35um. This indicates that the ultimate
spatial resolution is comparable to that predicted by thermal diffusion calculations (~0.3um).

INTRODUCTION

Selected area growth of III-V semiconductor films would simplify the fabrication of
complex integrated optical devices. Consequently, there has been considerable interest in
using lasers to stimulate growth.!~'® Previously, we have deposited InP!? and GaAs™* by
low pressure photo-induced MOCVD from group-Ill and group-V methyl compounds. In
those studies, the ArF excimer laser was chosen as the photolysis source because the laser
wavelength (193 nm) overlapped strong gas-phase absorption to dissociative states in both
the group-III and group-V sources.'!'2 Photodissociation in the gas phase resuited in growth
of epitaxial films at low substrate temperature. Irradiation of the surface improved crystal-
linity and decreased the carbon incorporation rate. However, film growth was not area-
selective, i.c. material grew in regions adjacent to where the laser irradiated the surface.
This is because photodecomposition products generated in the gas phase diffuse large dis-
tances (i.e. ~1 cm) before reaching and sticking to the surface.

Control of the growth rate by laser initiated surface (rather than gas phase) chemistry is
necessary to achieve high resolution, selected area growth. More recendy,!? we have shown
that ArF excimer laser irradiation can enhance the rate of growth of GaAs in metal-organic
molecular beam epitaxy (MOMBE), resulting from laser induced decomposition of an
adsorbed layer. Subsequent X-ray photoelectron spectroscopy (XPS) studies showed that
decomposition of the chemisorbed triethylgailium (TEGa) layer was a result of pyrolysis
cansed by pulsed laser induced transient heating.!* Consequently, it should also be possible
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to induce selected area growth of GaAs in a higher pressure MOCVD environment (com-
pared to MOMBE) by choosing a wavelength which is absorbed by the GaAs substrate, but
not by gas phase TEGa. Selected area growth by pattern projection is more easily carried
out under MOCVD conditions, than under MOMBE conditions, since the objective lens can
more easily be positioned close (i.c. ~2cm) to the substrate surface. Pattern projection has a
large advantage over direct laser writing in that it is a parallel process, i.c. features grow
simultaneously over a large (~1cm?) area. In this paper we describe growth of GaAs under
conditions where growth results from laser stimulated reactions occurring cither in the gas
phase, or on the surface. With proper choice of conditions (i.e. pressure and laser
wavelength), surface reactions can be enhanced, and gas phase reactions suppressed, result-
ing in selected area growth of GaAs.

DEPOSITION CONTROLLED BY GAS PHASE PHOTOLYSIS

These experiments have been described in detail elsewhere.>* Briefly, the deposition
system consisted of a multiport stainless steel chamber and gas mixing manifold.
Trimethylgallium (TMGa) and trimethylarsine (TMAs) flows were mixed with He and H,
carrier gas and window purge gas and flowed over the substrate. The GaAs(100) substrates
were imradiated at normal incidence with ~15ns pulses from a 193 nm ArF excimer laser.
The 0.5 x 1 cm rectangular laser beam passed through roughly 4 cm of gas before reaching
the substrate. Semi-insulating, undoped GaAs(100) (10"Q-cm) substrates were used. Pol-
ished substrates were degreased, etched, and rinsed in deionized water. Cleaned samples
were mounted on molybdenum sample holders and placed in a load-lock chamber that is iso-
lated from the growth reactor by a gate valve. Samples were then transferred into the
growth chamber and heated to a temperature of between 100 and 500°C

The absorption spectra of TMGa and TMAs are shown in Figure 1. At 193 nm, the
wavelength of the ArF excimer laser, both gases absorb st.ron§1y (cross sections of
2.62x10°17 and 4.46x10"cm?, for TMGa and TMAs, respectively).’? The energy of a 193

20 r

OPTICAL DENSITY

[X]
190 260
WAVELENGTH (am)

Pizt_ne 1. Room temperature absorption spectra of trimethylgallium (---) and trimethy-
larsine (___). Pressure=0.30 Tor; pathlength=7.5 cm. From reference 12.
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nm photon (6.42 eV) exceeds the energy required to break two Ga—-CHj3 or As—CH; bonds.
At a typical laser fluence of 100mJ/cm*pulse, TMGa and TMAs are largely dissociated fol-
lowing each laser pulse. Species formed in primary and secondary photolysis in the gas
phase, as well as products formed in reactions occurring after the laser pulse, diffuse to the
surface, where they stick to grow GaAs. This process is depicted in Figure 2. Irradiation of
the surface stimulates desorption of carbon-containing species and enhances the degree of
cpitaxy. However, absorption in the gas phase attenuates the laser beam so that the intensity
at the surface is not sufficient to promote efficient decomposition of adsorbed TMGa(see
below). Consequently, under these conditions the deposition rate is limited by gas phase
photolysis, and material deposits not only where the laser irradiates the surface, but also
adjacent to it. This leads to a loss of spatial resolution, such that this process could not pro-
duce features smaller that a few millimeters,

193 am
EXCIMER LASER
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Figure 2. Schematic depiction of laser induced deposition of GaAs where gas phase
photolysis is the rate limiting process.

LASER ASSISTED DEPOSITION FROM METAL-ALKYL MOLECULAR BEAMS

One method of suppressing gas phase photolysis and enhancing decomposition of an
adsorbed layer is to use molecular beams. Under typical MOMBE conditions, gas phase
photolysis can be ignored, and the full laser intensity reaches the substrate. We have
recently demonstrated selected area growth of GaAs under MOMBE conditions.!® In those
experiments, the Ga-alkyl source was tricthylgallium (TEGa) and the arsenic source was an
effusive beam of Asy. As above, the GaAs(100) substrate surface was irradiated with a 193
nm ArF excimer laser beam. Deposition of GaAs occurred only where the beam irradiated
the surface. A plot of film thickness as a function of intensity across the ~1cmdia. beam is
shown in Figure 3. The deposition rate rises rapidly with laser intensity and saturates at
120mJ/cm?pulse, where it is limited by the flux of TEGa. The deposition rate is indepen-
dent of substrate temperature in regions irradiated with full laser intensity. Outside the irra-
diated regions, the deposition rate is negligible below 350°C, and rises stecply with tempera-
ture such that above 550°C the growth rate is not enhanced by laser (- diation. These
results suggest that a relatively stable, saturated layer of TEGa forms on the surface below
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400°C, and that this layer is efficiently dissociated at 193 nm. One possible mechanism is
photolysis of the adsorbed layer. Gas phase TEGa has a strong, dissociative absorption band
at 193 nm (see Figure 4). Even if the absorption band of the adsorbate shifts by the amount
seen for dimethylcadmium and trimethylaluminum adsorbed on quartz!®, the absorption at
193 nm would still be strong enough to be important. The highly nonlinear fluence depen-
dence rules out a single photon absorption process. However, two photon photodissociation
is possible, as well as carrier mediated chemistry, and thermal decomposition due to laser
induced heating of the substrate.

DEPOSITION RATE {A/PULSE}

0.0

FLUENCE (Jrem® PULSE)

5 -4 -3 2 T -0 0 1z 3 &
DISTANCE (mm}

Figure 3. Deposition rate and laser intensity as a function of distance from the center
of the laser beam across the short dimension, for GaAs grown under laser assisted
MOMBE conditions. TEGa and Asq beam pressures were 1.5x10° and 5x10® Torr,
uncorrected for ionization gauge sensitivity. Substrate temperature = 400°C. (O):
deposition rate at a laser repetition rate of 20 Hz. Solid curve: laser intensity.
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Figure 4. Absorption spectrum of triethylgallium at 0.9 Torr (measured at room tem-
perature). The sealed cell was heated to 100°C to prevent condensation. Path-
length=7.5 cm. From reference 12.
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Deposited films exhibit photoluminescence at 1.486 eV, associated with a carbon accep-
tor level. Those arcas grown with higher laser intensity exhibit more intense photolumines-
cence, indicating that laser annealing during growth reduces defects. However, the overall
yields are rather low. In addition, the films contain high carbon impurity levels
(~10¥cm™>, based on SIMS measurements). To gain further insight into the growth
mechanism, and specifically the carbon incorporation process, we have begun studies of
decomposition of Ga-alkyls adsorbed on GaAs(100), described below.

While laser assisted MOMBE has the potential for selected area growth of small
features, we were not able to demonstrate even low resolution patterned growth by image
projection, due to the long distance between the window and substrate (1 m). This problem
is common to all MBE systems, and would make growth of micron sized features difficult,
since the working distance between the lens and substrate must be only a few cm. These
short distances could more easily be accommodated under MOCVD conditions. We show
below that this could be accomplished without loss of resolution due to gas phase photo-
lysis, by choosing a wavelength (351 nm) which is not absorbed in the gas phase, but which
induces efficient decomposition of adsorbed Ga-alkyls.

X-RAY PHOTOELECTRON SPECTROSCOPY STUDIES OF LASER INDUCED DISSOCIA-
TION OF ADSORBED GA-ALKYLS

These experiments were described in detail elsewhere!®, and have been summarized in
this symposium proceedings.!® Wafers were loaded into ultrahigh vacuum and heated to
desorb the native oxide. After cooling, they were dosed to saturated coverage with TEGa.
Carbon coverage was measured as a function of the number of laser pulses, at various laser
intensities. Between 100 and 200mJ/cm2pulse, decomposition of TEGa is dominated by
pyrolysis due to transient laser induced heating of the substrate. One piece of supporting
evidence is the lack of a wavelength dependence at high fluence, at two wavelengths (193
and 351 nm) strongly and equally absorbed by the substrate (Figure 5). This efficient disso-
ciation at long wavelength can also be exploited to selectively dissociate TEGa on the sur-
face and not in the gas phase, making possible highly area-selective growth at pressures
much higher than in MOMBE (i.e. under MOCVD conditions).

1 T T T T T T T
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L L 1 | 1 ! !
0050 20 40 60 80 100 120 140 160

NUMBER OF LASER PULSES

Figure 5. Relative carbon coverage vs number of laser pulses for saturated monolayer
coverage of TEGa on GaAs(100), at 193 nm(s) and 351 nm (O), at a laser fluence of
180mJ/cm?—pulse. From reference 14.
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DEPOSITION CONTROLLED BY LASER INDUCED PYROLYSIS OF ADSORBED TEGa

Our approach to selected arca growth of GaAs is to use the laser to decompose the Ga-
alkyl on the surface, and desorb hydrocarbon species. Ga atoms left on the surface subse-
quently react with arsenic which is continuously flooding the surface. The process must be
done at low temperature (<450°C for TEGa and <500°C for TMGa), otherwise thermal pyro-
lysis (not induced hy the laser) of Ga-alkyls on the surface becomes the rate determining
step, and selectivity is lost.

The deposition system was the same as that used in the experiments described above,
where deposition was dominated by gas phase photolysis. The growth chamber has been
coupled to an ultrahigh vacuum (UHV) chamber equipped with an X-ray photoelectron spec-
trometer (XPS), which has also been described in detail elsewhere.'4

The beam irradiated a stencil mask with U-shaped features. A 20 cm focal length
suprasil lens was placed nearly equidistant between the mask and the substrate to project the
image of the mask onto the surface (see Figure 6). The relatively large mask features were
compatible with the low resolution projection optics used in this preliminary study.

TEGa/He T
PRISM 351 nm Xef
EXCIMER
LASER
s TMAS MASK
| TO REACTOR  _tpHi (OR TEAs/He)
S ’ —=—H2
REACTOR WINDOW
BYPASS PURGE ) AC
4
H, WINDOW 4
PURGE
D2 Ha WINDOW
LAMP { PURGE

To
d} - SPECTROMETER
7727 | sussTRATE

'

%[IF - -(’\—HEATER |——|

TO PUMP TO PUMP

Figure 6. Schematic diagram of the apparatus used for selected area growth under
MOCVD conditions.

All experiments were carried out at a total pressure of 10 Torr. TEGa vapors were tran-
sported to the growth reactor by bubbling He through the liquid source, held at a tempera-
ture of —7°C (measured vapor pressure of 0.49 Torr). After further downstream dilution
with He, TEGa was mixed with Hy window purge gas just above the substrate (Figure 6).
We estimate the flow rate of TEGa to be 0.4 sccm (in some experiments, 4 sccm), while the
total He carrier gas flow rate was typically 100 sccm. The window through which the laser
light is transmitted was purged with a flow of Hy (410 sccm). The TEGa/He flow was then
injected into this Hy gas stream ~4 cm above the substrate. The gallium source could also
be bypassed around the reactor until growth conditions were established and then switched

to flow over the wafer. Gas switching time was estimated to be ~2 sec under typical condi-
tions.
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The arsenic precursor (tricthylarsine, TEAs) was flowed through a side tube (alumina or
quartz) which contained a tantalum filament. TEAs flow rates (either ~ 4 or 40 sccm) were
adjusted 10 be about 10 times higher than the TEGa flow rate. The end of the tube was
injected into the gas stream ~2 cm above the substrate surface. The filament was resistively
heated to thermally crack the arsenic compound, and its resistance was determined by simul-
taneously measuring the voltage and current applied, typically 55 V (a.c.) and 2 A. The
measured resistance was related to the filament temperature using published resistivity
data.'” Temperature is given by:

T(K) = 46.2 + 200.4R + 50.19R* — 2.48R° )

where R is the ratio of the resistance at high temperature to that at 300 K. The cracking
efficiency and the partial pressures of As, and As4 products were measured by UV absorp-
tion spectroscopy.

Semi-insulating, undoped GaAs(100) (107Q-cm) wafers were used. Polished substrates
were degreased, etched, and rinsed in deionized water. Cleaned samples were mounted on
stainless steel or molybdenum sample holders and placed in a load-lock chamber that is iso-
lated from the growth reactor and UHV system by gate valves. The sample holder was then
transferred under vacuum into the UHV chamber. The native oxide was desorbed by heat-
ing the sample holder from the back side by electron bombardment from a negatively
biased, hot filament. Oxygen coverage was continuously monitored by XPS. Heating was
stopped immediately after oxide sublimation was completed.

The sample was then transferred under vacuum back into the growth chamber. After
establishing a constant substrate temperature in the range 300-560°C, the TMAs (or TEAs)
flow and window purge flows were begun. The filament in the cracker was then heated to
the desired temperature. TEGa flow was allowed to stablize while bypassing the reactor (see
Figure 6). After a constant laser power was obtained, a shutter was opened, exposing the
substrate to irradiation. TEGa flow was subsequently switched to flow through the reactor
and growth began.

At the low temperatures needed to achieve sclected area growth, the arsenic alkyl com-
pounds decompose slowly on the surface, hence they must be cracked before reaching the
surface to grow GaAs. Asy; and Ass generated in the cracker react at Ga sites to grow
GaAs. However, As; and Asq will not react with either arsenic terminated GaAs, or Ga-
alkyl terminated GaAs (the steady state surface in regions not exposed to laser light).

Trimethylarsine will decompose, when heated, by the following overall reaction

As(CH3); & 1/2As; + 3/2C;H @

As; © 1/2;\54 (€)]

The concentrations of As(CH3 )3, As,, and Asq, measured by UV absorption, are plotted as a
function of the filament temperature in Figure 7. With an estimated transit time in the
cracker of 30 ms, TMAs begins to decompose at ~530°C and is 95% dissociated by ~730°C.
Although we did a more complete study of TMAs decomposition as a function of tempera-
ture, TEAs was used as the As-source in the growth studies presented here. The weaker
As-C bond energies in TEAs (vs. TMAs) lead to more complete dissociation, and should
result in reduced carbon incorporation. We chose to operate at 730°C, where TEAs is at
least 95% dissociated. We have estimated the sticking coefficient of TEGa on GaAs(100) to
be >0.1, and possibly as high as unity.‘s A sticking coefficient close to unity was reported
in previous studies of laser-assisted'® and thermally induced'? deposition from TEGa molec-
ular beams. Our previous XPS study'® showed that dissociation occurs rapidly after adsorp-
tion (even at temperatures as low as room temperature) to form a more strongly bound
chemisorbed layer.
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Figure 7. Number densities of As(CHj3);, As; and Asy emerging from the cracker,
above the substrate, as a function of cracker filament temperature. The temperature of
the region probed by the absorption measurements was ~400 K. TMAs flow rate =
7.4 sccm. Total pressure = 9.9 Torr. Top window purge = 450 scm H,, side window
purges = 260 sccm He through each of the two side windows. Cracker tube length =
15 cm. The gas residence time through the hot region of the cracker was ~30ms at
1000 K. Cross sections used to extract number densities from UV absorption data are
5.5x10“"cm2, for TMAs at 200 nm, 1.7x10cm? for Aspy at 226.5 nm, and
1.7x10"cm? for Asg at 260.0 nm. The latter two values were determined in this
study.

In the absence of laser light, or As species, adsorbed TEGa could dissociate as previ-
ously proposed.'

(C2Hs)3Gapnysisorbed) —> (C2Hs)2Gachemisorbed) + C2Hs(chemisorbed) @

On the GaAs surface this reaction would be exothermic by ~35kcal/mol.!* When saturated
monolayer coverage is reached, the sticking coefficient at room temperature (and presumably
at temperatures up to those where TEGa decomposes rapidly, i.e. ~450°C) drops to zero.

At a partial pressure of 4.4 mTorr TEGa used in these experiments, the adsorbed TEGa
layer is expected to reach saturated monolayer coverage in 0.3 ms, assuming a sticking
coefficient of unity, a temperature of 300°C and a saturated coverage of 1x10Mcm2.!4

Our previous XPS studies showed that adsorbed TEGa is not efficiently photolyzed at
351 nm (or at 193 nm).'*!® However, deposition of ~90 % of the absorbed energy of an
XeF laser pulse in the top ~300A of a smooth GaAs surface leads to rapid heating, and
desorption of hydrocarbon products. The efficiency of this process increases rapidly with
laser fluence, reaching a rate of 1pulse™ at 200 mJ/cm?pulse at room temperature (i.e. 1
pulse at this fluence reduces the carbon coverage t 1/e of its initial value). Reactive Ga
sites formed by this process react with impinging Asz, or Asq to grow GaAs. However,
even if one laser pulse removes all the adsorbed hydrocarbon, self-limiting growth of about
one monolayer of GaAs and subsequent saturated coverage of chemisorbed TEGa occurs
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long before the next laser pulse (i.c. «50ms).

A pattemed film grown by this technique is shown in Figure 8. GaAs grew only in
areas where the laser irradiated the surface. Films up to ~0.5um thick were deposited in 30
min growth runs. The smallest feature size (70um) was limited by the mask feature size
and the 1-to-1 magnification used in these preliminary studies. Since selected area growth is
a thermally initiated process, the ultimate resolution is expected to be limited by thermal dif-
fusion. The 1-dimensional thermal diffusion length is given by??

1="Vxt/pCp &)

where t is the laser pulse duration (1.5x10°% s), p is the density (5.317 g/cm®)®' and where
Cp and K are the specific heat (0.40 J/gK)*' and thermal conductivity coefficient (0.09
W/emK)42 for GaAs at a typical peak temperature (1200 K) induced by pulsed laser heat-
ing. Using these values, the one dimensional thermal diffusion length is 0.25 um. This
value is about the distance, below the surface, where the peak temperature rise will be 1/e of
that at the surface. Using our activation energy of 25kcal/mol for decomposition of TEGa
on GaAs,”* we predict that the smaller temperature rise will cause the growth rate 10
decrease by about four orders-of-magnitude. The minimum feature size possible by this
technique is expected to be on the order of 0.2um. Diffusion in three dimensions will
become important when the desired feature size becomes comparable to the 1-dimensional
diffusion length. Temperature will therefore fall off more steeply than that predicted by 1-
dimensional heat flow. Consequently the resolution limit should be somewhat better.

,LASER-DEPOSITED
GaAs FILM (N
ILLUMINATED AREAS

NO FILM GROWTH IN
UNILLUMINATED AREAS

Figure 8. Patterned GaAs film. The substrate temperature was 400°C. Film thickness
=~0.3um

In fact, we have experimental verification of this resolution limit. The GaAs features
exhibit a diffraction easily discerned in visible light. This is due to the formation of a grat-
ing in the film caused by interference between the incident laser beam and light scattered off
surface defects, propagating along the surface. This leads to a periodic modulation of inten-
sity and hence peak temperature and growth rate. Grating formation with a 0.35um period
was observed by scanning electron microscopy. In addition, by measuring the approximate
wavelength and angle of diffracted light, we contirmed that the grating period is about equal
to the laser wavelength (i.e. 0.35um), as expected for normal incidence radiation with little
dispersion of the surface wave (see ref. 4 and references contained therein). This effect could
lt;es‘;nhanced or suppressed by increasing or decreasing the coherence and polarization of the

To study the effects of laser intensity on film growth rate and morphology, we imradiated
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the mask with a spatially nonuniform laser beam which was most intense in the center. We
found that the growth rate reached a maximum at a laser intensity that we estimate to be ~
220 mJ/cm?pulse, falling below zero at the highest laser powers. That is, the substrate was
etched or ablated at high fluence. This effect is shown in Figure 9, where each point is the
growth rate at the center of a feature across the full 4.5 mm field. The same effect is
observed across individual features deposited at the highest powers (see Figure 10, top),
while at lower powers, the maximum growth rate is more nearly constant across the feature
(Figure 10, bottom)
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Figure 9. Feature thickness vs position across a patterned GaAs film deposited under
conditions similar to those for figure 4. The maximum laser power in the center of
the pattern resulted in etching.

Examination of films with XPS-sputter depth profiling revealed a 1:1 Ga:As
stoichiometry (when corrected for preferential As sputtering), no detectable oxygen (<0.2%),
and carbon levels ranging from ~1% to below our detection limit (<0.5%). In most cases,
film morphology was rough, apparently due to nonuniform nucleation. This is probably
caused by contamination of the substrate before growth began. In one instance, we began
the procedure leading to film growth, but did not turn on the laser or TEGa flow. The sam-
ple was then transferred back to the UHV chamber under vacuum and analyzed by XPS.
The Ga/As surface stoichiometry was 1.0, with no detectable oxygen (<0.2%), and a carbon
coverage ~1/2 that present when saturated coverage of TEGa is reached. It is umclear
whether this level of carbon could inhibit growth. Incomplete removal of carbon species by
laser induced heating could also lead to nonuniform nucleation. Carbon incorporation, as
well as oxygen incorporation from trace H,O and O, in the growth chamber, is an important
issue that needs to be addressed in any low temperature and/or selected area growth process.
We are currently evaluating the crystallinity of patterned films, as well as studying thermal
decomposition of TEG3 on GaAs(100) in attempts to improve surface morphology, crystal
structure, and reduce carbon incorporation.
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Figure 10, Dekiak scan across individual features deposited near the center of the pat-
terned film at high laser power (a), and near the edge of the pattern at low laser power
®). S

SUMMARY

We have shown that GaAs can be selectively deposited on GaAs(100) under low pres-
sure MOCVD conditions by choosing a wavelength (351 nm XeF excimer laser) which is
not absorbed by the gas phase precursor species, but is absorbed by the substrate. Absorp-
tion of 15 ns XeF laser pulses by the substrate caused rapid transient heating which decom-
posed adsorbed TEGa. Subsequent reactions at these surface sites, between adsorbed Ga and
impinging As; or As4 formed by pyrolysis of arsine alkyls in a side tube, leads to selected
area growth of GaAs. Since the mechanism for laser induced growth is mainly thermal, it is
advantageous to use longer wavelengths such as the 351 nm XeF excimer laser to avoid
gas-phase photochemistry that causes material to deposit over a relatively large area and thus
blurs small features grown by laser induced surface chemistry in the high pressure MOCVD
process.

Patterned films ~0.3pm thick were formed by projecting the image of a mask onto the
substrate surface. The minimum feature size of 70um was limited by the mask feature size
in these preliminary attempts to grow patterned films. However, periodic lines (separated by
~0.35um) caused by laser interference were formed, indicating that the ultimate resolution
may be close to that expected, based on thermal diffusion calculations.
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